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ABSTRACT

Winter extratropical cyclogenesis over the northern Gulf of Mexico is examined

by assigning a synoptic classification to each winter cyclone which developed during

the 41-season period 1950-51 to 1990-91. The classifications of "frontal" and

"nonfrontal" cyclogenesis are used to differentiate between those cyclones which were

analyzed to have formed along pre-existing, airmass-type frontal boundaries, and those

which developed in the absence of such boundaries.

Spatial distributions of cyclogenesis events indicate that the open water of the

northwest Gulf tends to be a preferred region for cyclone initiation, for both the frontal

and the nonfrontal cases. This is particularly evident during the coldest months, when

sea surface temperatures exhibit a strong gradient along the continental shelf break.

Case studies reveal that after a cold air outbreak, air which resides for an

extended period of time over the continental shelf of the northwest Gulf becomes

differentially modified by spatially varying fluxes of heat and moisture from the sea

surface, resulting in the formation of an atmospheric baroclinic zone which lies well to

the north of the polar front. A solenoidal circulation develops within the boundary

layer, increasing convergence and cyclonic vorticity, and inducing a horizontal

discontinuity in atmospheric stability. Thus, this region is a favored location for

xvii



further cyclonic intensification, provided that the upper-level pattern is also favorable.

Although a lack of surface data makes the processes which induce cyclogenesis in this

region difficult to resolve, visible satellite imagery is suggested to be beneficial.

xviii



CHAPTER 1

INTRODUCTION

Extratropical cyclones which develop over the Gulf of Mexico (Gulf) during the

winter months often have a significant impact on the weather of the eastern United

States. The majority of winter storms which produce significant widespread

precipitation over the eastern half of the United States develop over the Gulf (Businger

et al. 1990, see Table 2.1). In addition, extratropical cyclones which develop over the

Gulf west of 85W longitude can cause significant damage along the entire east coast of

the U.S. (Mather et al. 1964). Indeed, Gulf cyclones have considerable implications in

terms of human suffering (Lewis 1992).

Historically, studies of cyclogenesis over North America have indicated a

wintertime maximum in the frequency of cyclogenesis over the Gulf. Despite these

many investigations, however, cyclogenesis over the Gulf remains a poorly understood

process, with few works providing accurate and complete descriptions as to why that

maximum exists. The purpose of this study is to provide an explanation.

A review of past investigations of North American and Gulf of Mexico

cyclogenesis will be presented in Chapter 2. Chapter 3 will introduce the results of a

1



climatology of Gulf cyclones which has been performed by the author. A new storm

classification scheme will be offered here, and will yield information regarding the

factors contributing to Gulf cyclogenesis. In Chapter 4, evidence will be presented that

a semi-permanent baroclinic zone exists over the northwest Gulf during the winter

months, which makes the region favorable for cyclone development. Three case

studies which support these ideas will be examined in Chapter 4. Chapter 5 will

present conclusions.

2



CHAPTER 2

HISTORICAL REVIEW

Several cyclone climatologies have documented the existence of a maximum in

the frequency of wintertime extratropical cyclogenesis (from here on referred to as

simply "cyclogenesis") over the Gulf of Mexico and adjacent coastal regions. Saucier

(1949) studied 388 cyclones originating in the Texas-West Gulf region during a

40-year period. He determined that during the colder months such as January and

February, a high frequency of cyclogenesis events occurs over the coastal waters off

Texas and Louisiana due to the "reactivation of the polar front" in the region of

"natural land-sea temperature contrast." During the autumn and spring months,

however, no definite grouping is evident (see Figure 2.1). Though Saucier's conceptual

model of Gulf cyclogenesis was particularly insightful at the time of its inception, it

does have a significant flaw. A goal of the current investigation will be to revisit

Saucier's conclusions, placing a greater emphasis on the low-level, mesoscale

preconditions for Gulf cyclogenesis.

Hosler and Gamage (1956) tabulated the number of cyclones per month passing

through each 5-degree latitude-longitude grid in the United States during the years

3
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Figure 2.1. Locations of cyclone formation for (a) the seven months October

through April, (b) February, and (c) November (from Saucier 1949).
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1905 through 1954, and found a maximum of cyclone frequency extending southward

into the northwest Gulf during the winter months (Figure 2.2). Petterssen (1956)

showed that a significant percentage of winter cyclogenesis in the Northern

Hemisphere from 1899 to 1939 occurred over the northwest Gulf (Figure 2.3), and that

there was a high rate of alternation between cyclones and anticyclones over the same

region during winter (not shown). In a study of cyclones which were analyzed during

the period 1951 to 1970, Reitan (1974) found a maximum of January events (Figure

2.4) to occur over the northeast Gulf and the southeastern United States, and attributed

such a pattern to the fact that "the cold air from the continent would find the ocean

surface to be an excellent source of heat and moisture, factors which contribute to the

development of cyclonic systems."

Using 1-degree latitude-longitude quadrangles, Colucci (1976) developed a

detailed distribution of winter cyclone frequencies for the years 1964 through 1973

(Figure 2.5), which showed a local minimum of cyclone passage over the Florida

peninsula, calling into question Reitan's lower-resolution results. Colucci justified this

minimum by stating that there is an observed tendency for surface lows in the northeast

Gulf to reform along the Carolina coast as opposed to moving directly across the

peninsula. In fact, the net deepening rate for all storms in his data sample was

negligible over the northeast Gulf (Figure 2.6). Of the approximately 1 out of every 2

northeastern Gulf storms which were observed to deepen on successive 3-hourly

surface charts (corrections for diurnal pressure changes were not made),

5
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Figure 2.3. Percentage frequency of occurrence of cyclogenesis in squares of
100,000 km2 in winter, 1899 to 1939 (from Petterssen 1956).

deepening rates were limited to about 2 millibars (mb) per 3 hours (Figure 2.7). This

deepening rate is about half that which occurs off the Carolina coast and along the

northwestern boundary of the Gulf Stream.

Using a 2-degree latitude-longitude grid spanning North America and the

surrounding oceans, Zishka and Smith (1980) determined areal distributions of cyclone
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Figure 2.4. The average number of cases of cyclogenesis during the 20-year period
1951-1970, in January (from Reitan 1974).

... ..

Figure 2.5. Winter cyclone frequencies by 1-degree latitude-longitude quadrangles,
January 1964 to December 1973. Contour values should be multiplied by 10.
Mean position of the northern and western boundary of the Gulf Stream,
1966-1973, is shown by dashed line (from Colucci 1976).
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Figure 2.6. Net 3-hour pressure change (millibars) for all storms for the data sample in
Figure 2.5. Dotted line is the same as the dashed line in Figure 2.5 (from Colucci
1976).

and anticyclone events for January and July of 1950 through 1977, including genesis,

decay, and propagation tracks. They found that a distinct January maximum of genesis

events exists over the northwest Gulf (Figure 2.8), while Gulf cyclone activity is

almost completely absent in July (Figure 2.9). They also found that although the

northwest Gulf tends not to be a genesis region for January anticyclones (Figure 2.10),

high pressure centers do migrate into the northwest Gulf with relatively high frequency

during January (Figure 2.11).
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Figure 2.7. Net 3-hour pressure change (millibars) for all storms that deepened for
the data sample in Figure 2.5. Dashed line is the same as in Figure 2.5 (from
Colucci 1976).

Figure 2.8. 1950-1977 areal distributions of genesis for January cyclones. Values
represent 28-year totals (from Zishka and Smith 1979).
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Figure 2.11. 1950-1977 areal distributions of events for January anticyclones.

Values represent 28-year totals (from Zishka and Smith 1979).

In a study of the geographical and seasonal distribution of North American

cyclogenesis for the years 1958 through 1977, Whittaker and Horn (1981) identified

three major areas of cyclogenetic activity (Figure 2.12): 1) East Coast (E) combined

with western Gulf of Mexico (G), 2) Colorado (C) combined with Great Basin (B) and

3) Alberta (A) combined with Northwest Territories (N). Similar to the results of

Zishka and Smith (1989) was Whittaker and Horn's finding that cyclogenesis in the

Gulf is quite rare in the summer months, although the East Coast remains active

throughout the year (an observation which "may reflect some tendency for leeside

development to the east of the Appalachians throughout much of the year"). They also

noted a marked decline in the frequency of North American cyclogenesis during the

1958-1977 period, in agreement with the results of Reitan (1979) and Zishka and Smith

(1980).
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Figure 2.12. North American sector. Solid line encloses study area of Zishka and
Smith (1980) and Reitan (1974, 1979). Enclosed 5-degree latitude-longitude boxes
are areas of frequent cyclogenesis: (A) Alberta, (B) Great Basin, (C) Colorado, (E)
East Coast, (G) Gulf of Mexico, and (N) Northwest Territories (from Whittaker and
Horn 1981).

Johnson et al. (1984) studied winter cyclogenesis in the Gulf for the period 1977

through 1983 and found that of 70 total events, 80% developed between 23N and 30N

latitude, from 90W to 99W longitude, and found that more than half were initiated over

the northwest Gulf between 25N and 28N, from 94W to 98W (Figure 2.13). This work

also related an abnormally high frequency and intensity of Gulf cyclones during the

winter of 1982-83 to the southward displacement of the polar jet stream by a strong

ENSO event, topographic influences of the Sierra Madre Oriental mountains, and sea

surface temperature gradients of the northwest Gulf.
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Figure 2.13. Distribution of points of initial cyclogenesis during the winter season,
1977 to 1983. The outer box encloses 80% of the points, whereas the inner box
encompasses 50% of the points (from Johnson et al. 1984).

Businger et al. (1990) compiled a storm-following climatology for the

precipitation distributions associated with winter cyclones that originated over the Gulf

of Mexico and adjacent coastal region during January through March, 1960-1983. The

climatology included only those storms producing at least 25 millimeters (mm) of

precipitation per 24 hours at a minimum of three reporting stations, and covering

roughly a two-state area along the storm's track. Of 453 identified cyclones, 130 met

the above criteria (genesis locations plotted in Figure 2.14), 51% of which originated

over the Gulf Coast Region (Table 2.1). Consistent with Colucci's (1976) findings was

the determination that the northeast Gulf of Mexico is not a region which is conducive

to cyclogenesis. Businger et al. also identified 3 primary tracks of the Gulf storms

14
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Figure 2.14. Geographic areas of cyclogenesis; asterisks indicate locations of low
centers when closed isobars were first analyzed on surface charts for significant
precipitation producing cyclones. Dashed line indicates boundary across which
cyclones must traverse to be included in the climatology (from Businger et al.
1990).

Table 2.1. Significant precipitation producing cyclones, January-March, 1960-1983
(from Businger et al. 1990).

Origin of low Number with Percent of all lows with Percent of total
precipitation > 25 mm precipitation > 25 mm lows

Midwest 33 25 7

Gulf Coast 66 51 15

Atlantic 31 24 7

Total 130
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(Figure 2.15). Track A corresponds to cyclones which migrated primarily along the

United States east coast, east of the Appalachians, and represented -58% of the sample.

Track B passes inland to the west of the Appalachians (-27%), and Track C delineates

cyclones which passed due east across northern Florida and southern Georgia (- 5%).

Composite tracks (Figure 2.16) represent the mean axes of the individual tracks shown

in Figure 2.15. Various statistics were tabulated for each of the tracks over multiple

legs, including propagation speed, central pressure tendency, and geostrophic relative

vorticity changes following the storms (Table 2.2). The region of greatest

intensification occurs along Leg 3 of Track A, a region well-known for cyclogenesis.

Storms tend to weaken, however, along Tracks A and C as they move across the

northeast Gulf to the Florida peninsula, confirming previous studies.

Table 2.2. Track statistics. Speed is given in km hr. 8p/6t = change in pressure (mb

hr1 ) following the storm. /56t = change in surface geostrophic relative vorticity (x

10' s1 hr'), where = p-'f 1V 2p (from Businger et al. 1990).

Leg 1 Leg 2 Leg 3

A Speed 48 76 55
5p/8t -0.3 -0.3 -0.4

8q1t -0.4 -0.2 1

B Speed 23 58

68qt -0.6 -0.3

8p/5t -0.01 0.2

C Speed 45 52

5p/6t -0.2 -0.3

0.2 -0.3
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TRACK C

Figure 2.15. Storm tracks of the 66 cyclones that originated over the Gulf of
Mexico and its coastal region (area labeled "Gulf' in Figure 2.14). a) Tracks of
lows that comprise composite Track A. b) Tracks of lows that comprise composite
Track B. c) Tracks of lows that comprise composite Track C (from Businger et al.
1990).

17



3

Figure 2.16. Composite storm Tracks A, B, and C, and geographic regions numbered
1 through 5. The "L's indicate the locations along each composite track closest to the
centers of geographic regions (indicated by solid dots). Regional legs along Tracks A,
B, and C are indicated by the small numbers (from Businger et al. 1990).

In a study of extratropical cyclones which produced waves which were at least

1.6 meters deep at Cape Hatteras, North Carolina from 1943 to 1984, Davis et al.

(1993) identified eight distinct storm types,based on the storm's origin, track, and

intensification rate. Their classification of "Gulf Low" included cyclones which

typically form

over the Gulf of Mexico along a stationary front but can occur anywhere over the
south-eastern USA west of Florida ... A surface disturbance develops downstream of
either a short-wave upper air trough or a closed low embedded in a fairly zonal
long-wave pattern. The typical track brings them north-east over southern Georgia
then over the Atlantic where they often reintensify along the coastal baroclinic zone
and north of the Gulf Stream (Colucci 1976). These cyclones are not blocked by an

18



anticyclone to the north and therefore move much more rapidly than the Bahamas or
Florida lows, but their north-easterly track and rapid intensification over the Atlantic
Ocean can produce a long fetch and substantial wave heights. [The Gulf Lows have
a] February maximum in cyclone frequency.

Davis et al. placed Gulf lows third in the ranking of northwestern Atlantic

Ocean damaging extratropical storms, based on storm duration and average

significant wave height.

Summary

Many researchers who have investigated cyclogenesis over North America have

documented the existence of a wintertime maximum in the frequency of cyclogenesis

in the Gulf of Mexico region. Cyclone classifications have been made based on either

identifiable synoptic patterns during genesis and subsequent evolution or on the

amount of damage which ultimately results from these storms. Saucier's (1949)

synoptic classifications of Gulf cyclones will be revisited in Chapter 3 and will be used

to introduce the results of a new Gulf cyclone climatology. In addition, a unique

classification scheme will be presented. Cyclones which develop along analyzed,

pre-existing, airmass-type frontal boundaries will be distinguished from those which do

not, in order to determine the role of the polar front in Gulf cyclogenesis.
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CHAPTER 3

SPATIAL DISTRIBUTIONS, TEMPORAL VARIABILITY, AND SYNOPTIC

CLASSIFICATIONS OF GULF OF MEXICO CYCLOGENESIS

A Climatological Study of Gulf Cyclogenesis

Methodology

A study involving manual map classification was performed by the author to

determine the characteristics of cyclogenesis over the Gulf of Mexico. Manual map

classification is commonly used in synoptic climatological research to identify

preferred regions of cyclogenesis and circulation regimes (see, e.g., Muller 1977; Crisp

and Lewis 1992), and, despite its limitations, has been demonstrated to be as

advantageous as some automated approaches in identifying variations in environmental

parameters (Davis et al. 1993).

In this study, a cyclogenesis event was defined as the initial formation of a

surface cyclone which subsequently persisted for at least 24 hours. Each surface

cyclone was identified by the appearance of an "L" (i.e., a center of low pressure) on a

surface synoptic chart, within a region between 25N and 3 IN latitude and 82W and

98W longitude (see Figure 3.1). Unlike in other climatologies (see, i.e., Norris 1992;
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Figure 3.1. Domain of author's study.

Whittaker and Horn 1981; Zishka and Smith 1980), a closed isobar was not used as a

criterion. (Such a restriction is unnecessary since any analyzed center of low pressure

would have a closed isobar surrounding it, given a sufficient contour interval).

Cyclone centers which migrated into the domain were not included in this study; only

those surface systems which were analyzed to form within the domain were identified.

In order to restrict the study to that of winter extratropical cyclogenesis, only the

months of September through April were included, and systems which were clearly

tropical in nature were disregarded. Forty-one "seasons" (1950-1951 through

1990-1991) were investigated by an inspection of the Daily Series Synoptic Weather
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Maps, which has been in existence in one form or another for the past 120 years (Kocin

et al. 1991), produced by the United States National Oceanographic and Atmospheric

Administration. The Daily Series Synoptic Weather Maps and Daily Weather Maps --

Weekly Series were generated once per day to depict surface and upper-air data. The

1200 UTC observations were normally used in the author's study, but the time of daily

analysis was not consistent for all years.

The locations of cyclogenesis were determined by carefully aligning a 1-degree

by 1-degree latitude-longitude grid over each surface map. If a low pressure center

which had not been analyzed on the previous chart (24 hours earlier) appeared in the

domain on the current chart and was determined not to have migrated into the domain

but rather to have first appeared within the domain at the current time, then the next

synoptic chart (24 hours later) was investigated. If the same low was (subjectively)

present on the next chart, even if no longer in the domain, then the date and time of the

current chart were noted as the date and time of cyclogenesis, and the location of

cyclogenesis was estimated to the nearest one-tenth of a degree. Examples of typical

sequences of events will be provided later in Figures 3.19 and 3.23.

Tracks of well-defined cyclones were plotted explicitly on the synoptic charts. A

typical example of this is provided in Figure 3.2. In such instances, the time and

location of cyclogenesis were taken directly from the surface chart, and the above

methodology was not employed.
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Figure 3.2. Example of an explicitly-tracked low. Surface analysis for 1200 UTC
27 December 1 990 (from Daily Weather Maps, Weekly Series).

Spatial Distributions and Sources of Error

The resulting spatial distribution of all 313 Gulf cyclogenesis events for the years

1950-1951 through 1990-1991 is plotted in Figure 3.3. Errors in this distribution may

be attributed to position and timing discrepancies on the surface analyses themselves.

Such errors are likely to be most serious over the open water far from shore, and in

regions of few cyclogenesis events (Colucci, 1976). In addition, the analyses

themselves cannot be considered invariable representations of the data, since subjective

and automated analysis techniques have changed considerably through the years

(Kocin, et. al., 1991).
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Figure 3.3. Locations of cyclogenesis, as defined in the text, during the months of
September-April, 1950-1991.

Even if the data had been sufficient for accurate, consistent analyses of

cyclogenesis events, errors are also introduced due to the once per day sampling

methodology. Since cyclones which form in this region generally move to the

east-northeast at speeds of up to 25 miles per hour on average (Saucier 1949),

discretely sampling these events at 24-hour intervals created some ambiguity in

determining the exact locations of cyclone initiation. For example, if a cyclone had

actually been initiated outside the domain, but the site of first detection was within the

domain, then this event would have been erroneously included as a Gulf cyclogenesis

event, and the location of genesis would have been inaccurate. Similarly, if a cyclone

were to have developed within the domain, but migrated out of the domain before its

first appearance on an inspected surface chart, this Gulf cyclogenesis event would have

been missed. Such errors were minimized, though, since the tracks of well-defined
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cyclones are plotted explicitly in the Daily Weather Maps series.

From a cursory inspection of Figure 3.3, it is evident that cyclogenesis in the

northern Gulf occurred with highest frequency over the open water southeast of the

Texas coastline, and not at the land-sea boundary. Cyclogenesis was less frequent over

the eastern, and particularly the southeastern, region of the domain to the west of the

Florida peninsula. The benchmark works of Saucier (1949) and Petterssen (1956)

referred to in Chapter 2 showed similar distributions of Gulf cyclogenesis frequency,

with highest concentrations offshore the Texas/Louisiana coast and lesser values to the

east. Their data were independent from those used in the current study. In addition, the

research of Zishka and Smith (1979) encompassed a larger domain and also showed

similar results. The author is therefore confident that the pattern noted in Figure 3.3 is

representative of the process under consideration.

Temporal Variability

A time series of the number of cyclogenesis events per winter season is presented

in Figure 3.4. The number of events ranged from 3 to 20 over the 41-season period,

with an average of 7.6 per season. Although no other research has investigated

cyclogenesis frequencies over exactly the same location and for the same time period,

the maxima in frequency for the seasons 1982-83 and 1986-87 are consistent, for

example, with the findings of Johnson et al. (1984) and Norris (1992). The overall

upward trend in the seasonal frequency of events, however, is not in agreement with

Norris (1992), who detected a downward trend in 10-year running means from the
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Figure 3.4. Time series of cyclogenesis events per winter season, with linear
regression (solid line).

winter season of 1961-61 to that of 1984-85, with an upward trend thereafter.

Analysis of Trends. Differences between these data sets may be explained in part

by the differing study domains chosen by each author. Norris' study domain extended

to 35N latitude and included much of eastern Texas. The area of the current study lies

completely within Norris' study domain, but about three-fifths of the region is located

over the open water of the Gulf, where data sources have been more variable over the

period of study.
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Figure 3.5. Locations of surface data sources over the northwest Gulf as of August
1995 (obtained via the internet from National Data Buoy Center, cited 1996:
http://seaboard.ndbc.noaa.gov/).

Prior to the early 1970s, data buoys had not yet been deployed into the Gulf. See

Figure 3.5 for locations of both operational and disestablished moored buoys and

coastal marine automated stations (CMANs) in the northwest and north-central Gulf.

Although an explanation of observed trends in cyclogenesis frequency is beyond the

scope of this paper, it is necessary to understand how data availability might have

affected the results of the study.

In order to determine whether the addition of buoys and CMAN stations into the

Gulf affected trends in the analyses of cyclogenesis events, the study domain was

divided into three regions (Figure 3.6). The Coast region was the first to be defined. It
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Figure 3.6. Regions used for statistical analysis.

includes all 1-degree by 1-degree latitude-longitude grid boxes which contain land, and

covers about 40 percent of the total study domain. It is assumed that there has been

little variability in the concentration of surface data sources in this region throughout

the period of study. The total number of observed cyclogenesis cases in this region

was 106.

The offshore area was divided into two regions which each contain

approximately the same number of observations as the Coast region. The West Gulf

region, which covers only about 16 percent of the study domain's total area, contained

107 observations of cyclogenesis, while the East Gulf region (about 45 percent of the

total area) contained 100 observations. Although the boundary between these two

offshore areas was chosen somewhat arbitrarily, it will be found useful in upcoming

discussion.

Plots of cyclogenesis frequency for each of the three regions (Figures 3.7, 3.8,
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Figure 3.7. Time series of cyclogenesis events per winter season within the Coast
region, with linear regression (solid line).

and 3.9) show upward trends which appear 'similar in magnitude. An equality of slopes

hypothesis test was performed (Draper and Smith 198 1) in order to determine whether

there is statistically significant evidence to reject the hypothesis that all three linear

regressions have the same slope.

The objective of the test was to model the number of cyclogenesis events over

time where three subsets of data were available. A test of homogeneity of regression
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Figure 3.8. Time series of cyclogenesis events per winter season within the East
Gulf region , with linear regression (solid line).

slopes (allowing for separate intercepts) was performed to determine if a single

regression equation would adequately describe the relationship (between number of

events and time) for all three regions, or if different regression slopes would be

required for each of the three regions.

One method of reporting the results of a hypothesis test is to report the p-value,

which is data-dependent. A p-value indicates the amount of sample evidence in favor

30



Cyclogenesis Events per Winter Season
West Gulf Region10

9

Cn 8

LLJ6
L-
05

5
S4

E

2 - a -1/

COO Ow) a' 00 0,

LO U n U, U, U, U, LOW U, U, WU, o Wwr rr W 0W0 W- 0 0 0 W W

Figure 3.9. Time series of cyclogenesis events per winter season within the West
Gulf region, with linear regression (solid line).

of the null hypothesis. If a pre-specified level of significance of alpha = 0.05 is chosen.

then the null hypothesis would be rejected if a p-value less than 0.05 is found. The

smaller the p-value, the stronger the sample evidence that the alternative hypothesis

is true. If the p-value is large, then the sample does not indicate enough evidence to

reject the null hypothesis. In this case, a p-value of p=0.86 was obtained, indicating

that a single regression equation is appropriate to model the number of events
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Figure 3.10. Monthly totals of cyclogenesis events for all 41 seasons studied, with
average number of events per month in parentheses.

occurring in all three regions, and that the null hypothesis (that all three slopes were

equal) could not be rejected.

Although this test does not by any means prove that data coverage is not a factor

in the analysis of cyclogenesis events, it does suggest that the increase of data sources

in the Gulf has not affected overall trends, since similar trends were observed where

data sources are assumed to have remained constant and plentiful over time.
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Interseasonal variability. As seen from Figure 3.10 most cyclones developed in

January, and just under two-thirds of all events occurred in the combined months of

December through February. The number of events per month varied from 0 (even in

January) to 6. The distribution of minimum pressures attained by each cyclone while

within the study domain is plotted in Figure 3.11. In agreement with Norris (1992), the

extrema in minimum pressure were 984 and 1024 mb. The average minimum pressure

was 1011.1 mb, but about two-thirds of all cyclones deepened no lower than 1012 mb,

and 85 percent had minimum pressures of 1004 mb and higher.

Plots of bimonthly spatial distributions of cyclogenesis yield information

regarding the evolution of the pattern of cyclone initiation during the winter months.

Figure 3.12 shows the spatial distribution of observed cyclogenesis for the bimonthly

periods October-November, December-January, and February-March. September and

April have been considered transition months, and are disregarded here due to the low

number of events during those months. In these and upcoming plots of spatial

distributions of cyclogenesis, limited numbers of observations can make interpretation

less conclusive. Samples which have a high number of observations , though, may be

most representative of the processes which contribute to Gulf cyclogenesis. To this

end, pattern comparisons are determined to be useful.

During October-November, it appears that cyclogenesis is preferred over the open

water of the Gulf, particularly east of Texas and south of Louisiana, but has also been

observed at scattered locations over the central and eastern Gulf and near the coast of
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Figure 3.11. Minimum analyzed pressures (while remaining in the domain) of all
extratropical cyclones which developed over the Gulf of Mexico, September-April,
1950- 199 1.

northern Florida. The months of December-January show a marked increase in the

frequency of cyclogenesis, and a slight pattern shift which still favors the open water of

the northwest Gulf, but indicates less activity (in a domain-relative sense) over the

northeast Gulf. During February-March the northwest Gulf remains fairly active, but

cyclogenesis is common throughout most of the domain.
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Figure 3.12. Locations of cyclogenesis, for all cyclones: October-November, 51
observations (top); December-January, 139 observations (center); and
February-March, 86 observations (bottom).
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Synoptic Classifications

As mentioned in Chapter 2, Saucier (1949) studied 388 cyclones which

developed in the Texas-West Gulf region, and classified each of these cyclones

according to the synoptic (upper-air) pattern present during its inception. Although the

domain of his study was to the north and west of the current investigation (including,

for example, all of Louisiana and much of Texas), a region which is common to both

studies is the northwest Gulf, offshore Texas and Louisiana. For this reason it is felt

that a similar synoptic classification would be useful.

Saucier found that the Texas-West Gulf cyclones formed when there was polar or

arctic air at the surface north of the latitude of the impending cyclone, with almost any

degree of modification. He further observed that cyclones tended to form under two

distinct flow regimes: 1) eastward motion of an upper cyclonic center (cold-core low)

from the southwest United States or from the Baja California region, and 2) the

retrogression, development, or persistence of a large-amplitude upper-level trough over

the United States Great Plains. He also made distinctions within these classes, creating

a total of five synoptic groups which are evident during surface cyclone initiation.

Each of these groups are briefly described below (for more complete descriptions see

Saucier 1949), and spatial distributions of events from the present study which

correspond to each of the synoptic patterns are provided.

Southwest Cold-Core Low

(Group 1) Low latitude of the westerlies east of the Rockies. Most frequent

36



-98 -97 -96 -95 -94 -93 -92 -91 -90 -89 -88 -87 -86 -85 -84 -83 -82
31. . . . .... ... .... . .

. . . . . . . .. . 3

.... ... . .. . . . 2 9

... .... * ** * 28

............ 2 7

W 125
Group 1, September-Aprl

Figure 3.13. Locations of cyclogenesis for Group I cyclones, 50 observations.

during the winter months, the cyclones in this group usually form along a persistent

and quasi-stationary front oriented along the northern Gulf Coast when an upper

cyclonic center (cold-core low) migrates eastward from the southwest United States.

In this case, the upper-level westerlies are strongest at low latitudes (relative to the

United States Rocky Mountains), and a broad, cold, north-south ridge dominates the

surface pattern east of the Rockies. In the present study, 50 of the 313 cyclones

identified fell into this group, making this group the second largest of five

classifications. Figure 3.13 shows the spatial distribution for this type of development,

and indicates a strong preference for offshore development over the northwest Gulf.

(Group 2) High latitude of the westerlies east of the Rockies. Most frequent

during autumn, cyclones in this group form when the strongest upper-level westerlies

lie closer to the Canadian border. Although the surface of the eastern United States
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Figure 3.14. Locations of cyclogenesis for Group 2 cyclones, 22 observations.

remains dominated by a ridge, the source region of this high pressure cell was likely

the Pacific Ocean, so that the cool air has had sufficient time to undergo modification

during its eastward migration. As with Group 1, the southwest cold-core low migrates

eastward and initiates Gulf cyclogenesis, but in this case along a weaker polar front. In

the current study, 22 cyclones were classified by these conditions (Figure 3.14).

Again, it appears that the northwest Gulf is preferred for this type of genesis, though

fewer observations yield less confident results.

Great Plains Trough

(Group 3) Retrogressive upper trough. In Saucier's investigation, Group 3

comprised the largest single group of cyclones, and as such, "represents most clearly

the principle of the processes leading to cyclogenesis in the Texas-West Gulf region."

In the current study, 154 of the 313 cyclones were classified as Group 3. The synoptic
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Figure 3.15. Locations of cyclogenesis for Group 3 cyclones, 154 observations.

situation during their inception consists of the apparent slow eastward motion of a

high-amplitude trough or closed low at upper levels originally near Colorado, which

gives rise to small Gulf cyclones which usually lose their identity within about two

days. Saucier described the initiation of a typical cyclone within this classification as a

"frontal wave with weather," appearing on the Gulf Coast along the "reactivated polar

front," in a region "where the front was previously undergoing dissolution."

The spatial distribution of Group 3 cyclogenesis events (Figure 3.15) shows a

high concentration of events southeast of the Texas coast. Cyclogenesis associated

with the retrogressive upper trough is somewhat less common over the eastern half of

the domain.

Considering the data sources used in his research, Saucier's description of the

low-level preconditions for Group 3 cyclogenesis was as complete as possible.
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Figure 3.16. Locations of cyclogenesis for Group 4 cyclones, 20 observations.

Evidence will be presented, though, which indicates that a significant number of Group

3 cyclones do not form along a polar front which has undergone dissolution, and then

become "reactivated," as Saucier suggested.

(Group 4) Discontinuous redevelopment of the upper trough. During the later

stages of a cold air outbreak in the eastern United States, the strongest upper-level

westerlies may shift northward coinciding with a relaxation of meridional flow,

allowing weak upper-level short waves from the Pacific to advance over the continent.

Concurrently, intensification of a large-scale trough between longitudes 180W and

140W (the central Pacific Ocean) causes general pressure rises over the United States,

but the approaching short wave diminishes this trend over the Plains. Surface pressure

falls are concentrated over Texas, and surface and upper-level cold advection occurs

rapidly east of the Rockies, contributing to the formation of a sharp upper-level trough.
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The surface cold front becomes oriented north-south from the Gulf to the lower

Mississippi Valley and southeastern States, and cyclogenesis occurs along it.

As expected, the restrictive nature of this synoptic pattern caused it to be present

during only 20 of the 313 cyclogenesis events. Even for this small group of events,

though, the northwest Gulf appears to be a favored region of cyclogenesis (see Figure

3.16).

(Group 5) Persistent upper trough. Cyclones which fall into this category form

during the primary cold air outbreak, when a high-amplitude trough persists at upper

levels over the Plains. During this scenario, a quasi-stationary front remains in place

along or near the Gulf coast, and waves of low pressure can develop and move along it

with high frequency, even in cyclone "families." Saucier contended that the rapid

migration of these weak cyclones creates difficulty in tracking them from only daily

charts, so that the number of cyclones classified as Group 5 has been minimized. This

author agrees, noting that only 34 cyclones from the present study fell into this

category. Saucier also states that there is a "tendency for these small waves to

originate along various sections of the front without preference for the Texas-West

Gulf region." Indeed, the pattern noted in Figure 3.17 shows a fairly continuous region

of preferred development from well offshore the Texas coast, northeastward to the

western Florida panhandle, with more scattered occurrences to the southeast. One

might envision an analyzed stationary front which lies on average within this region.

Unclassifiable. 33 Gulf cyclones were determined to be unclassifiable according
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Figure 3.17. Locations of cyclogenesis for Group 5 cyclones, 34 observations.

to Saucier's synoptic scheme. Such cyclogenesis events may have been unclassifiable

due to the fact that a significant number of them occurred east of 89W longitude, an

area which was not within Saucier's domain. Nonetheless, the pattern (Figure 3.18)

appears independent of longitude, with event occurrences almost exclusively offshore,

stretching west to east across the northern Gulf. Such a pattern may be indicative of a

particular process which has not been identified. Johnson et al. (1984) suggested that a

significant number of Gulf lows developed during the winter of 1982-83 under the

influence of upper-level anticylonic shear, such as that which might be found to the

south of an west-east oriented polar jet. Such a scenario would be considered

"unclassifiable" in the present investigation, though not unrealistic. Nonetheless, all

cyclones which formed during the winter of 1982-83 were classifiable according to

Saucier's scheme.
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Figure 3.18. Locations of cyclogenesis for unclassifiable cyclones, 33
observations.

A New Classification

Frontal Incursions into the Gulf

As previously mentioned, Saucier (1949) contended that the "reactivation" of the

polar front is an important precondition for the initiation of Gulf cyclones. He

suggested that

although the polar front at the surface usually becomes increasingly indistinct while
moving southward over the Gulf of Mexico and neighboring regions, the solenoid
field associated with the front in levels above the surface is maintained for a
considerably longer period of time. Low level convergence and a usual deformed
field of motion in a developing cyclone, placed on the temperature field near the Gulf
Coast, can aid in the reactivation of the polar front even at times when the front has
apparently lost most of its significance.

Saucier's description is problematic, though, since a study of 11 years of frontal

incursions into the Gulf region by Henry (1979b) showed that during the coldest

months, the majority of atmospheric fronts which migrate over the Gulf of Mexico tend
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not to remain over the Gulf itself but rather tend to undergo frontolysis after

penetrating into the Caribbean. Table 3.1 summarizes his results, which suggest that

the tendency for atmospheric fronts to become stalled, or stationary, over the Gulf may

not be an adequate explanation for the observed maxima in cyclogenesis frequency.

Therefore, in order to determine the role of the polar front in Gulf cyclogenesis, a new

classification scheme is proposed.

Table 3.1. Area where each front frontolyzed or returned as a warm front. Percentage
by each month (from Henry 1979b).

Nov Dec Jan Feb
Percent frontolyzed in Gulf 31 20 18 17

Percent frontolyzed in Caribbean 55 46 59 70

Percent returned as warm fronts 14 34 23 13

Frontal Versus Nonfrontal Cyclogenesis

Frontal cyclogenesis. The classification of "frontal" was given to each cyclone

which developed along an analyzed, pre-existing, airmass-type frontal boundary. An

example of frontal cyclogenesis is provided in Figure 3.19. At 1200 UTC 21

December 1995, a stationary front was analyzed in the central Gulf, to the south of 25N

latitude. This front could have been considered the boundary between tropical air to its

south and modified polar air to its north. (The modification occurred as the air mass

remained resident over the warmer Gulf water, a process which will be further

explained in Chapter 4.) Six hours later at 1800 UTC 21 December 1995, a surface
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Figure 3.20. Locations of frontal cyclogenesis, 227 observations.

low was analyzed to have formed on the western edge of that front, just southeast of

the Texas coast.

227 of the total 313 cyclones in the current study were classified as frontal (about

73 percent). Figure 3.20 shows the spatial distribution of those events, and indicates a

high concentration of events over the open water offshore Texas, extending

east-northeast over the nearshore and offshore water south of the region from the

Mississippi Delta to the western Florida panhandle, with lesser concentrations to the

south and east.

Again, it is useful to consider the pattern evolution during the winter season, in

order to more fully understand the processes under consideration. Figure 3.21 provides

bimonthly distributions of frontal cyclogenesis, excluding the transition months of

September and April. A cursory inspection of these plots shows the tendency for there
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to be a maximum in frontal cyclogenesis frequency over the open water of the

northwest Gulf throughout the winter. During October-November, frontal cyclogenesis

occurred at scattered locations throughout the Gulf, with some preference for the

northeast Gulf coast. In December-January, the frequency maximum extends from the

northwest to the north-central Gulf, particularly near the Mississippi Delta.

Cyclogenesis in the northeast Gulf during this time was somewhat less preferred.

During February-March, the northwest Gulf remained a preferred region for frontal

cyclogenesis. In addition, there was a concentration of events over the near-coastal

waters of the northeast Gulf at this time, extending southward near 86W longitude.

In summary, it appears that cyclones which form along analyzed fronts do so

with highest frequency over the open water of the northwest Gulf, during the coldest

months (99 observations in December-January). There also appears to be an observed

tendency for cyclones to form along fronts which lie over the near-coastal waters of the

northeast Gulf, particularly during the late winter months. The observed interseasonal

variability of the spatial distribution of frontal cyclogenesis is supported by a study of

frontal incursions into the Gulf of Mexico by DiMego et al. (1976). Their study

showed that during the coldest months, a north-south maximum in the frequency of

frontal passages exists over the northwest Gulf, while during the autumn and spring

months, the frequency of frontal passages assumes a more "zonal" orientation (see

Figure 3.22).

Nonfrontal cyclogenesis. The classification of "nonfrontal" was given to each
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Figrure 3.21. Locations of frontal cyclogenesis: October-November, 39
observations (top); December-January, 99 observations (center); and
February-March, 65 observations (bottom).
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cyclone which did not develop along an analyzed, pre-existing, airmass-type frontal

boundary. An example of a nonfrontal cyclogenesis event is given in Figure 3.23. At

1800 UTC 5 November 1995, a stationary front dividing tropical air to its south from

modified polar air to its north was analyzed well south of the study domain. A low

pressure trough was analyzed in the vicinity of the Texas coast, but the subjective

analysis did not explicitly indicate the presence of a boundary separating air masses of

different source regions. By 0000 UTC 6 November 1995 (6 hours later), a low

pressure center was analyzed over the open water offshore of the Texas coast. This

surface cyclone was analyzed to form completely within the modified polar air to the

north of the quasi-stationary polar front which had migrated south into the Caribbean.

It should be noted here that the vast majority of nonfrontal cyclones in the author's

study were not analyzed to form along a low pressure trough.

In the current study, 86 of the total 313 cyclones were classified as nonfrontal

(about 27 percent). Their distribution is shown in Figure 3.24. Overall, it can be seen

that nonfrontal events are most common over the open water of the northwest Gulf.

Unlike the frontal pattern (Figure 3.20), few nonfrontal cyclogenesis events occurred

over the northeast Gulf, with a noteworthy lack of observations along and to the south

of the Florida panhandle. (It is understood, though, that differing numbers of

observations in each classification create difficulty in drawing conclusions based solely

upon pattern comparisons.)

The nonfrontal pattern's seasonal evolution (again excluding the transition
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Figure 3.24. Locations of nonfrontal cyclogenesis, 86 observations.

months of September and April) is provided in Figure 3.25. Very few observations

during October-November (only 12) create difficulty in drawing reasonable

conclusions. It could be suggested, though, that a maximum does exist over the open

water of the northwest Gulf. By December-January the number of observations

increases to 40, and we see a pattern in which there is clear preference for development

over the open water of the northwest Gulf and the nearby coastal areas of Texas and

Louisiana. Most noteworthy, though, is the lack of preference for nonfrontal

cyclogenesis east of 90W longitude (the midpoint of the domain). In fact, 91 percent

of January nonfrontal cases occurred west of this longitude, while only 74 percent of

January frontal cases were observed in this region. Compare this pattern with that of

February-March. Although the number of observations during late winter is relatively

low (about half that of the prior two-month period), nonfrontal cyclogenesis appears to
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Figure 3.25. Locations of nonfrontal cyclogenesis: October-November, 12
observations (top); December-January, 40 observations (center); and
February-March, 21 observations (bottom).
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be about equally likely over most of the northern Gulf.

In summary, it appears that cyclones which form without the presence of

analyzed frontal boundaries do so with clear preference for the northwest Gulf region

during the coldest months. There is also no observed maximum south of the Gulf coast

from Mississippi to the Florida panhandle during the late winter months, as observed in

the frontal cases. Nonfrontal cyclogenesis cases are almost nonexistent over the

eastern half of the domain during December-January.

Conclusions

It appears that Saucier's descriptions of the upper-level conditions associated

with the development of Gulf cyclones are accurate, since only about 10 percent of all

cyclones in the current study were unclassifiable according to his scheme, and much of

that discrepancy could be related to domain differences. However, his description of

the "dissolution" and "reactivation" of the polar front in association with Gulf

cyclogenesis is found to be flawed, since the polar front tends to dissolve over the

Caribbean Sea during the months when Gulf cyclogenesis occurs most frequently. In

order to more clearly determine the role of the polar front in Gulf cyclogenesis, a new

classification scheme has been proposed.

The distinction between frontal and nonfrontal cyclogenesis has been made, by

definition, completely on the basis of differing low-level atmospheric conditions, as

evident in surface observations. It cannot be presumed, though, that differences in the
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processes which lead to these two distinct types of cyclone initiation are unique to the

lowest levels of the atmosphere. It is therefore useful to investigate the upper-level

conditions under which each type of development occurred.

Table 3.2. Percent of frontal and nonfrontal cyclogenesis cases which occurred under
each of Saucier's synoptic classifications (Groups I through 5, and those which were
unclassifiable).

1 2 3 4 5 Unclassifiable

Frontal 16% 7% 48% 6% 14% 9%

Nonfrontal 15% 8% 51% 8% 3% 14%

Table 3.2 gives a comparison of the percent of frontal cyclogenesis cases and the

percent of nonfrontal cyclogenesis cases which were assigned to each of Saucier's

synoptic classifications (Groups 1 through 5, and those which were unclassifiable).

With the exception of those cyclones classified as Group 5 (which by definition tended

to be "frontal"), the frontal and nonfrontal cyclogenesis cases displayed fairly similar

distributions among the synoptic classifications. In other words, it is reasonable to

suggest that the upper-level flow pattern during surface cyclone initiation does not

determine whether cyclogenesis will be frontal or nonfrontal. The distinction between

frontal and nonfrontal cyclogenesis is, in fact, based solely on the analyzed low-level

conditions.

Recall that Saucier observed that those cyclones which formed in association

with the retrogressive upper trough (Group 3) did so along the "reactivated polar

front," after the front had previously undergone dissolution. In the current study,
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however, about 30 percent of all Group 3 cyclones developed completely without the

analyzed presence of the polar front. This is a significant result, since Group 3

cyclones occur most frequently and therefore best represent the process of Gulf

cyclogenesis.

The conditions which lead to cyclogenesis over the Gulf will be more fully

investigated in Chapter 4. It will be suggested that the existence of an airmass-type

frontal boundary defines a region which is preferable for cyclone development due to

the local concentration of thermal contrast, convergence, cyclonic vorticity, and

possibly convection. The observed cases of nonfrontal cyclogenesis, though, indicate

that there may be some cyclogenetic precursors within the boundary layer that are not

well-understood (or well-analyzed), particularly over the northwest Gulf during the

coldest months. The remainder of this study will focus on the characteristics of the

lower atmosphere which make the northwest Gulf a preferred region for cyclogenesis.
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CHAPTER 4

LOW-LEVEL PROCESSES WHICH CONTRIBUTE TO

GULF OF MEXICO CYCLOGENESIS

Overview

It was shown in Chapter 3 that the northwest Gulf of Mexico is a preferred

region for cyclogenesis, particularly for those storms which develop without the

existence of analyzed, pre-existing, airmass-type frontal boundaries. This chapter

begins by presenting a brief review of the process of cyclogenesis, in order to establish

a dynamical framework for further discussion. Then, the physical characteristics of the

Gulf itself will be examined, since various case studies of cyclogenesis over the Gulf

(though limited in number) have indicated that air-sea interactions are important to

cyclone development in the region (see, for example, Bosart 1984; Hsu 1993;

Schumann et al. 1995). Finally, both theoretical and observational evidence of the

airmass modification process will be presented, and the low-level processes which

contribute to Gulf cyclogenesis will be discussed.
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A Conceptual Framework for Cyclogenesis

For the purpose of the author's study, cyclogenesis was defined as the initial

formation of a surface cyclone which subsequently persisted for at least 24 hours. In

more general terms, however, cyclogenesis is simply the increase of cyclonic (positive)

vorticity with time, and can be described by the vorticity equation,

dct 8v • v8( 8y x p 8p y ) 6 +x 8y

where denotes the geostrophic relative vorticity, V is horizontal velocity vector, p is

pressure, f is the Coriolis parameter, o is the vertical wind component (in isobaric

coordinates), u and v are the latitudinal and longitudinal components of the wind,

respectively, and F, and F, are the frictional force components per unit mass in the x

and y directions, respectively.

The first two terms on the right hand side (rhs) represent the horizontal and

vertical advections of vorticity, which neither create nor destroy the existing vorticity

field but merely move it about (Carlson 1991, chap. 3). These two terms, along with

the twisting term (fourth on the rhs) and frictional effects (fifth term on the rhs) are

typically small when considering synoptic-scale motions. If we replace the relative

vorticity by its geostrophic value, we have a form of the quasi-geostrophic vorticity

equation,

g ^¢5u 6v0
ct (g+gJ)t, + )
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This equation implies that the time rate of change of geostrophic relative vorticity is

the product of two kinematic properties: absolute vorticity and divergence. It

demonstrates that at low levels, a local increase of cyclonic vorticity with time must be

accompanied by low-level convergence, since absolute vorticity is normally positive at

mid-latitudes. Moreover, surface development may be preferred in regions of

pre-existing local absolute vorticity maxima, such as near fronts or cyclones.

Although the key to cyclone development and migration is the surface

divergence pattern, convergence at the surface requires (at least) compensating

divergence aloft for the maintenance of thermal wind balance. In the words of

Sutcliffe (1939), "Neither the lower nor the upper member of the dynamical system can

exist without the other and if a field of divergence (or convergence) can be recognized

in the upper atmosphere the associated lower convergence (or divergence) completing

the scheme of cyclonic (or anticyclonic) development must occur automatically." In

other words, it is incorrect to disregard upper-level factors when considering the

problem of surface cyclogenesis.

In Chapter 3, though, we found that the frontal and nonfrontal cyclogenesis

events had similar distributions among upper-level flow patterns. It was suggested that

the northwest Gulf is a preferred region for cyclogenesis primarily because of

processes occurring at low levels. Therefore, in order to determine why the northwest

Gulf is so prone to cyclogenesis, it is necessary to investigate those low-level processes

which contribute to both pre-existing cyclonic vorticity and low-level convergence.
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Physical Characteristics of the Gulf Of Mexico

Basin Depth

Figure 4.1 is a bathymetry (basin depth) map of the Gulf of Mexico. The width

of the Gulfs continental shelf is highly variable, ranging from a mere 25 kilometers

near Veracruz, Mexico in the southwestern corner, to over 200 kilometers off the

Texas/Louisiana coast. The 200-meter isobath is often referred to as the continental

shelf "break," which separates shallow shelf waters from the deeper waters of the

central Gulf.

Sea Surface Temperatures

During the summer months the Gulf waters are fairly isothermal, with sea

surface temperatures (SSTs) varying from about 29 to 31 degrees Celsius. During the

winter months, however, the frequent incursion of cold fronts into the Gulf of Mexico

region (DiMego et al. 1976; see Figure 3.22) act to cool the shelf water rapidly, mainly

due to strong evaporation or latent heat flux (Hsu 1992). The Loop Current, which is

the dominant circulation in the eastern Gulf (see Figure 4.2), transports warmer tropical

waters from the Yucatan Channel into the interior of the eastern Gulf, and then out the

Straits of Florida (Molinari 1987). This current, combined with a broad anticyclonic

gyre that exists in the west-central Gulf, causes the deep waters of the central Gulf to

be continuously replenished with warm, tropical water. Consequently, the cold air

outbreaks which occur most frequently during the winter months are not nearly as

effective in cooling the waters of the deep Gulf as they are in cooling the shallow shelf
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waters. In addition, atmospheric wind direction also plays a role in the SST pattern of

the shelf waters, since strong offshore flows tend to cause upwelling of colder waters

beneath the surface (Thompson 1994). In fact, the dynamic response of the relatively

warm water to a flow of cold air over it may be the establishment of a thermally

indirect circulation (cold water rising and warm water sinking) which acts to enhance,

or at least maintain, the initial SST distribution (Adamec and Elsberry 1985).

The resulting winter SST distribution (for example, the mean SST for February,

provided in Figure 4.3) shows a pattern in which the isotherms tend to parallel the

contours of basin depth (and the coastline), with spatial variations in temperature that

are roughly twice the magnitude of those found in the open ocean at a similar latitude

(Griffiths 1976). On any given day, though, the SST pattern can deviate far from the

-100 f athom.'e

Yucatan Current

Figure 4.2. Basic surface circulation of the Gulf of Mexico (from McGraw-Hill
1980).
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Figure 4.3. Climatological sea surface temperature (degrees Celsius) for
February, from the atlases of the U.S. Navy (U.S. Navy 1985). (Figure obtained
from Lewis and Crisp 1992.)

Figure 4.4. Sea surface temperature (degrees Celsius) for 22 February 1988,
produced at the National Hurricane Center. (Figure obtained from Lewis and
Crisp 1992.)
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mean, as shown on the chart for 22 February 1988 (Figure 4.4). Note how in this case

the combination of cooler-than-average shelf waters near the coast of Mexico and

warmer-than-average waters offshore create an SST gradient which is much stronger

than that which is observed in the mean. Although such a detailed pattern may have

significant consequences with respect to cyclogenesis, most modeling studies of

airmass modification do not incorporate SST data of such a high spatial and temporal

resolution (see, e.g., Mailhot 1992; Warner et al. 1990).

The strongest SST gradient which exists during the winter months lies near the

shelf break (Burk and Thompson 1992; Hsu 1992). The waters of the northwest Gulfs

continental shelf have been observed to exhibit temperature gradients of about .5

degree Celsius per kilometer (Nowlin and Parker 1974), and the temperature difference

between waters near the Texas/Louisiana coast and waters those near the shelf break is

about 7 degrees Celsius, even for the January mean (Hsu 1992).

Airmass Modification

Overview

In recent years, a great deal of research has focused on the modification of polar

air masses which reside over the relatively warm waters of the Gulf during the winter

months. The Gulf of Mexico Experiment (GUFMEX) was conducted in

February-March 1988 in order to "gather data on two phenomena: airmass

modification over the Loop Current, and return flow characteristics of modified polar
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air returning to the southern shores of the United States" (Lewis et al. 1989). Airmass

modification over the Gulf has a profound effect on the forecasting of not only ceiling,

visibility, fog, and steady precipitation at locations near the coast or over shelf waters,

but also on forecasting the initiation of elevated convection and severe weather

outbreaks over the southern and central Plains (see, e.g., Burk and Thompson 1992;

Crisp and Lewis 1992; Janish and Lyons 1992; Lewis and Crisp 1992; Liu et al. 1992;

Mailhot 1992; Merrill 1987, 1992; Muller 1977; Thompson 1994; Weiss 1992).

The frequent cold air outbreaks over the Gulf of Mexico during winter cause an

SST front to develop near the continental shelf break. As air resides for an extended

period over such an SST distribution, differential fluxes of heat and moisture from the

sea surface to the atmosphere result in the formation of an atmospheric baroclinic zone

which may lie well to the north of any airmass-type frontal boundary analyzed on

surface synoptic charts. This region is an ideal location for nonfrontal cyclogenesis,

since the presence of the polar front is not required for the development of significant

low-level baroclinicity.

Differential Diabatic Warming of the Boundary Layer

Nowlin and Parker (1974) studied the effects of a cold air outbreak on the

boundary layer sensible and evaporative heat fluxes over the northwest Gulf. Prior to a

cold air outbreak which occurred during January, 1966, SST contours generally

paralleled the shore, with a maximum observed gradient of 0.14 degrees Celsius per

kilometer. Fifteen days after the outbreak (and still under the outbreak's influence), the
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Figure 4.5. Distribution of sea surface temperature (Celsius) as observed before
(left) and after (right) the cold air outbreak (from Nowlin And Parker 1974).

SST contours remained parallel to the coast, but the maximum observed gradient had

increased to .43 degrees Celsius per kilometer (Figure 4.5). Net local SST changes

after the outbreak were found to be greatest in the nearshore region (about 4 degrees

Celsius), and decreased with distance from shore to about I degree Celsius near the

boundary of the study domain.

Prior to the outbreak, air-sea temperature differences were generally less than 1

degree Celsius (Figure 4.6). After the outbreak, however, the air was cooler than the

water over the entire region, and the air-sea temperature contrast increased with

distance from shore to about 10 degrees Celsius. As a result, the distributions of
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Figure 4.6. Sea surface temperature minus air temperature (Celsius) as observed
before (left) and after (right) the cold air outbreak (from Nowlin and Parker 1974).

sensible and evaporative heat fluxes also changed dramatically through the course of

the outbreak. Even after some general cooling of the Gulf surface and warming of the

boundary layer, estimated sensible heat exchange from the water to the atmosphere

showed dramatic increases well offshore (Figure 4.7), from about 30 calories

centimeter -2 day-' before the outbreak to about 500 calories centimeter -2 day-' afterward,

while a much smaller change was observed in the nearshore region. Similar to the

sensible heating distribution, evaporative heat exchange from the ocean to the

atmosphere also changed dramatically after the cold air outbreak, with about a

three-fold increase in latent heating well offshore, but much smaller net changes in the

nearshore region.
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outbreak (from Nowlin and Parker 1974).
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Generation of Cyclonic Vorticity within the Boundary Layer

Hsu (1992) used monthly mean air temperatures compiled from both onshore

stations and offshore buoys to develop a climatology of air temperature variations from

the deep Gulf to the coast. See Figure 4.8 for a plot of station locations used. Figure

4.9 shows that during the winter season 1989-1990, the average air temperature

variation from Shreveport, Louisiana (SHV) to National Data Buoy Center buoy

station 42002 in the deep Gulf increased from about 5 degrees Celsius in September to

a maximum difference of about 14 degrees Celsius in December. Hsu determined that

from January through May, all monthly mean air temperatures from the land and shelf

stations were practically identical, while the deep Gulf waters remained warm (see

Figure 4.10). He therefore concluded that "the orientation of the shelf break from

January through May is the more important 'demarcation' line in baroclinicity than the

physical coastline" (Hsu 1992).

From the climatological air temperature data, Hsu used a 5-point stencil (see

Figure 4.8) to calculate the Laplacian of the temperature field, which is a measure of

the vorticity of the thermal wind. He defined the geostrophic relative vorticity as

V2 p

where p is pressure,f is the Coriolis parameter ( 6 x 10-5s - ' at 30N latitude), and p

is air density. Using p = pRT, where R is the gas constant and T is the air

temperature, he calculated the geostrophic relative vorticity in finite-difference form by
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Figure 4.9. Monthly variations of air temperature from deep Gulf to Shreveport,
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1989 through March 1990 (from Hsu 1992).

70



30

28

o 26

I.x

22

20 ONSHORE V LAKE CHARLESLA

18 
11-8)• 30 YEARS NORMAL

16 BUOYS IN THE GULF OF MEXICOU- 
42001 (leT:-:4 1)

S14- SEA 4 02 4OO(I?- 4)

6 42003 (1976-84)
O14 E A * 42007(1981-84)

12 CONTINENTAL12 SHELF ! * 4200 (11)80-84)
1 0 42011(1981-64)

Q

JAN. F M A M J JULY A S 0 N 0 JAN.

MONTH

Figure 4.10. Comparison of air temperature measurements over the deep Gulf, the
inner continental shelf, and Lake Charles, Louisiana (from Lewis and Hsu 1992).

using

R[ T,- 4To]

d 2f

where Ti, i = 1, ..., 4, are the temperatures at the four comers of the rhombus, To is the

temperature at the center, and d is the distance between comers and the rhombus

center. The resulting monthly values of geostrophic vorticity are given in Table 4.1. It

can be seen that his method shows a substantial increase of what might be called

ambient" vorticity in October and November, with relatively high values continuing
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through March. Based on this finding, Hsu concluded that the horizontal air

temperature gradient between the warmer deep Gulf and the colder shelf waters should

create a region where surface cyclogenesis is preferred, given sufficient upper-level

support.

Table 4.1. Geostrophic relative vorticity, (10.' s'), in the lower levels of the
atmosphere for the northwestern Gulf as calculated using mean monthly air
temperature data from the stations forming the rhombus shown in Figure 4.8 (from
Hsu 1992).

Month Vorticity

January 24.50

February 20.60

March 15.50

April 7.20

May 4.00

June 4.00

July 8.30

August 9.00

September 8.70

October 17.70

November 26.00

December 27.80

Surface Convergence in the Boundary Layer

In their seminal work on mesoscale frontogenesis along the southeastern New

England coast, Bosart et al. (1972) suggested that friction, orography, coastal

configuration, and land-ocean thermal contrast are all important factors in the

development of the commonly observed New England coastal front. More recent

studies, however, have determined that in other geographic regions which commonly
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experience coastal frontogenesis (such as the Carolinas), diabatic effects (differential

surface heating, for example) are the primary causes of mesoscale convergence in the

near-coastal marine atmospheric boundary layer, while the effects of differential

friction and other factors are secondary in importance (Riordan 1996).

Although (to this author's knowledge) there have been no extensive field

experiments or numerical simulations documenting coastal frontogenesis over the

northwest Gulf, the existence of a coastal front which is mesoscale in its along-front

direction would provide a reasonable explanation for the observed nonfrontal

cyclogenesis events in this region. In order to better understand how diabatic processes

may contribute to surface convergence -- and ultimately cyclogenesis -- over the

northwest Gulf, the results of a numerical experiment for a similar problem will be

summarized.

Boundary Layer Circulations Forced by Gulf Stream SST Gradients

As mentioned in the historical review of North American cyclogenesis in

Chapter 2, it has been known for some time that a distinct maximum in observed

cyclogenesis frequency exists near the Atlantic coastline or over the Gulf Stream.

Studies of rapidly deepening cyclones (Sanders and Gyakum 1980; Sanders 1987;

Roebber 1993) have shown that these meteorological "bombs" preferentially migrate

along the axis of the Gulf Stream. Such observations suggest that an inherent

mechanism in the initiation, development, and movement of marine cyclones must be

the air-sea interactions which occur in regions of strong oceanic and ocean-atmosphere
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Figure 4.11. Sea surface temperature Figure 4.12. Sea surface temperature
(Celsius) field based on the NOAA 14-km (Celsius) field based on the 381-kin
high-resolution analysis for 25 January 1986. grid-increment analysis from the Navy's Fleet
The line A-B shows the orientation of a Numerical Oceanography Center. The line
vertical cross section on which the model A-B shows the orientation of a vertical cross
solutions are displayed (from Warner et al. section on which the model solutions are
1990). displayed (from Warner et al. 1990).

thermal contrast.

In order to quantify the interplay between the atmosphere and the ocean in such

regions, Warner et al. (1990) used the Penn State/National Center for Atmospheric

Research mesoscale model to simulate the evolution of the marine atmospheric

boundary layer in the vicinity of the Gulf Stream. They initialized the model with calm

winds everywhere and a uniform sea level pressure of 1000 millibars. Terrain

elevations were set to zero. The initially horizontally uniform temperature and

moisture fields were derived from a maritime sounding obtained from the Genesis of

Atlantic Lows Experiment during Intense Observation Period 2 (see Dirks et al. 1988).

The effects of two SST distributions were modeled. The control was a high-resolution
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SST analysis based on satellite radiometer data and corrected with available in situ

measurements (Figure 4.11). The other was a much smoother (yet more readily

available) analysis by the Navy's Fleet Numerical Oceanography Center (Figure 4.12).

Initial air-sea temperature differences had a maximum of about 7.5 degrees Celsius

over the warmest water. The results of these experiments (all for 12 hours into the

simulations) are displayed in Figures 4.13 through 4.17, and are summarized below.

Boundary layer temperature (Figure 4.13). Air temperatures rose from their

initially uniform value of about 15 degrees Celsius to in excess of 19 degrees Celsius

over the core of the Gulf Stream. There was little increase in temperature over the

waters of the continental shelf, while temperature rose about 2 degrees Celsius to the

southeast of the warmest water.

Boundary layer pressure (Figure 4.14). The greatest sea-level pressure falls were

about 1.5 mb in magnitude, and located over the core of the Gulf Stream. This may

appear to be a small perturbation, but is actually significant, given the horizontal scale.

The pressure field induced a northeasterly surface geostrophic flow in excess of 10

meters second-' on the northwest side of the pressure trough (near the north wall of the

Gulf Stream).

Boundary layer winds (Figure 4.15). A region of upward motion (7 microbars

second-) developed over the Gulf Stream, with subsidence to the northwest and

southeast. Low-level streamlines show a general inflow to the region of greatest

ascent.
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after 12 hours of the control simulation. The
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(from Warner et al. 1990).

Boundary layer relative vorticity (Figure 4.16). By the 12-hour point, low-level

flow developed a significant cyclonic rotation, as relative vorticity increased from an

initially uniform value of zero to in excess of 8 units, centered over the Gulf Stream.

Boundary layer precipitable water (Figure 4.17). Low-level moisture

convergence increased the total column precipitable water from 1.4 centimeters to

more than 2.4 centimeters just to the warm side of the north wall of the Gulf Stream.

Precipitation (not shown) existed along the entire axis of the Gulf Stream at this time.

The marine atmospheric boundary layer front which was found to develop by the

12-hour point is shown in the cross section of Figure 4.18. Note the presence of a front

of about 2 degrees Celsius amplitude, which was located just on the cool side of the

greatest initial surface sensible heat flux, and extends up to about 1 kilometer (through

the lowest 100 millibars). Compare this front with that which developed in the smooth

77



POTENTIAL TEMPERATURE (OK) 740

760

780

800
810
820
830 rE
840-
150 W
860 Cr
870
880 Cfl

,0 U)'
U~90 .4oJ9

- 1N~i~SRE~~i~4 15 ~~~~i '
A~yR~ ESENSBLEHE A F 1 0 CL

DISTANCE0

70

780

80

-25 SST8100 W

15, EFL~q~k -P 830E
ENSIBE HEA 840

8:0WW

U) 580

A DISTANCEB

Figure 4.19. Samenta Figraure .8,eept fos so SSTn fie exient-

sraeartmeaue(esu)(from Warner, et al. 1990).

788



SST simulation (Figure 4.19), which is three to four times weaker.

Table 4.2 summarizes the findings of Warner et al. A marine atmospheric

boundary layer circulation was found to be forced by the air-sea temperature

differences associated with the Gulf Stream. The strength of the resulting atmospheric

front was directly related to the strength of the SST gradient and the inclusion of the

effects of latent heating. Overall, the boundary layer modifications which occurred

during their simulations created a low-level environment which is favorable for

cyclogenesis, due in large part to enhanced surface convergence and diabatic warming.

It should be noted here that the simulated mesoscale process was not under the

influence of any synoptic-scale atmospheric forcing. It is expected from dynamic

arguments that such an SST-induced boundary layer circulation would be very

sensitive to the synoptic-scale wind (Sublette and Young 1996).

Table 4.2. Comparison of 12-hour model simulations (from Warner et al. 1990).

Parameter Control Smooth SST No latent heating

Coastal trough amplitude (millibars) 1.50 0.40 0.80

Relative vorticity maximum (10' second') 14.10 2.42 0.70

Vertical velocity maximum (microbars second') -8.30 -2.88 -0.52

Maximum horizontal velocity 7.40 2.06 1.67

Surface frontal strength relative to control 1.00 0.25 0.90

Maximum surface pressure gradient near the front in 12.22 3.83 2.81
terms of geostrophic wind speed (meters second')

Total (12-hour) rainfall maximum along front 3.64 1.94 --

(centimeters)
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Observations of Frontogenesis along the Shelf Break

Although the numerical simulations discussed above describe a type of coastal

frontogenesis which occurs near the Gulf Stream, it is reasonable to suggest that a

similar process occurs near the strong SST gradient associated with the shelf break of

the northwest Gulf. It is also reasonable to believe that if an atmospheric front tends to

develop near the shelf break following cold air outbreaks, then surface observations

should indicate its presence.

Evidence of the "Shelf Break Trough" from Surface Charts

Norris (1992) observed that surface synoptic charts often indicate the presence of

a trough of low pressure either along the Texas/Louisiana coastline, or offshore and

parallel to the physical coastline. She proposed that the trough should not be analyzed

in that location, but that it should rather be analyzed near the shelf break, with a similar

orientation. The mis-analysis, according to Norris, was due to both the lack of surface

data over the Gulf and "traditional thinking whereby the land-sea temperature gradient

and the shape of the coastline are the primary causes of Gulf cyclogenesis."

A review of 41 years of synoptic surface charts revealed that the analysis of a

trough of low pressure which lies slightly offshore and parallel to the Texas/Louisiana

coast is, in fact, a fairly common occurrence during the winter months. An example of

such a feature is provided in Figure 4.20, which is the surface map for 1200 UTC 5

November 1995. Note that later on this day, cyclogenesis occurred along the analyzed

trough, and was the chosen example of nonfrontal cyclogenesis shown in Figure 3.23.
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Figure 4.20. An example of a shelf break trough. Surface analysis for 1200 UTC 5
November 1995 (see Figure 3.23 for subsequent analyses).

To the east of this trough, temperatures and dewpoints (Fahrenheit) were in the

70s, and winds were from the east-southeast. To the west, temperatures were near 50,

dewpoints were in the 40s, and winds varied from north-northeast to north-northwest.

Skies were overcast to the west, and many stations were reporting light precipitation.

Although the feature was analyzed as simply a trough in the surface pressure field, a

strong argument could be made for the analysis of a stationary front, since the

temperature contrast was so strong. Hsu (1992) defined "frontal overrunning" as

occurring "when a polar front is nearly stationary along the central Gulf coast or over

the northern Gulf of Mexico. Typically observed overrunning conditions are heavy

cloud cover and precipitation." Indeed, such conditions did exist at this time, but the
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Figure 4.21. Number of pressure troughs or stationary fronts per winter season
which were analyzed on daily surface synoptic charts to lie slightly offshore and
nearly parallel to the Texas-Louisiana coast during the months of September
through April, 1950-1991. The dates in the figure indicate approximate time
periods when the referenced data buoys were active. See Figure 3.5 for buoy
locations.

boundary was clearly not the polar front, which, in this case, was well to the south.

As was mentioned, the author's inspection of daily weather maps revealed that

this feature has been observed repeatedly. The frequency of this occurrence was noted,

and the result is plotted in Figure 4.21. There were a few instances when the pressure

trough was analyzed as a stationary or warm front. These situations were included,

since they represent the same meteorological phenomenon.
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At first glance, it appears as though the shelf break trough never developed prior

to 1969! However, recall from Chapter 3 that prior to the early 1970s, data buoys had

not yet been deployed into the Gulf. Although the introduction of surface data sources

was shown not to have significantly affected the frequency of analyses of Gulf

cyclogenesis, it appears as though resolution of the shelf break trough, or front, (which

tends to be found within the West Gulf region of Figure 3.6) is closely related to the

spatial resolution of data. Indeed, the scarcity of marine observations and the lack of

understanding of the marine atmospheric boundary layer has caused features such as

the coastal front to be omitted or misanalyzed throughout the history of synoptic

analysis (Riordan 1996).

Evidence of the "Shelf Break Trough" from Satellite Imagery

Since readily available surface observations do not consistently indicate the

presence of the shelf break front, it is necessary to investigate other data sources for

their utility in resolving this problem. One proposed data source, which is commonly

available to operational meteorologists, is high-resolution visible satellite imagery.

The New England Winter Storms Experiment of 1983 was the first to provide

detailed information on the vertical structure of the New England coastal front (Nielsen

and Neilley 1990). The front which was observed showed a "structure remarkably

similar to that of a density current. At its leading edge, the sharp frontal zone was

nearly vertical or rose abruptly from the surface to 200 to 300 meters. Behind this

'head' region, the frontal zone was nearly horizontal" (Riordan 1996).
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Case 1. GOES-8 visible imagery from 1800 UTC 4 December 1995 (Figure

4.22) indicated the existence of a rope cloud over the northwest Gulf. A rope cloud is a

line of cumulus which forms along the hydraulic head of a density current (Houze

1993, pp. 475-478), and has been observed to form in connection with the atmospheric

circulations of the boundary layer convergence zone which can often be found along

the north wall of the Gulf Stream (Sublette and Young 1996). The orientation of the

cloud band was roughly parallel to the Texas coast, but well offshore. To the west of

the band, cloud features were stratiform, indicating a relatively high level of

atmospheric stability. To the east, clouds were convective in nature. Strongest

convection was evident in a northwest-southeast line south of Louisiana.

The most striking aspect of this feature to the author was its persistence

throughout the day, with hourly visible satellite images showing it to remain in

approximately the same location, with the same orientation, during each of the daylight

hours. Infrared satellite imagery (not shown) displayed this feature much less vividly,

owing to the low altitude and relatively warm temperatures at cloud top -- indicative of

shallow, small-scale convection.

The surface analysis for 1200 UTC 4 December 1995 (Figure 4.23) showed a

weak cold front moving off the Texas coast, with light northwesterly winds in its wake.

Since winds were so weak at this time, the lower temperatures behind the front were

likely more a reflection of radiational cooling than of significant cold air advection.

Offshore, winds were generally southwesterly at speeds of 10 knots or less, and
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Figure 4.22. GOES-8 visible satellite imagery for 1800 UTC 4 December 1995.
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temperatures were about 20 degrees (Fahrenheit) greater than over land. By 0000 UTC

5 December 1995, the cold front was no longer analyzed, and winds over eastern Texas

were 10 knots or less, and from the south. Immediately offshore, winds were light and

variable, while the buoys to the east indicated light southwesterly winds. The

temperature difference between the land and Gulf stations was generally about 5

degrees. Average sea surface temperatures for the week of 6 December 1995 (Figure

4.24) depict that the coolest water existed along the immediate Gulf coast. The SST

isotherms over the northwest Gulf were aligned fairly parallel to orientation of the rope

cloud, though data resolution is insufficient for the depiction of a strong SST gradient

near the shelf break.

The Rapid Update Cycle (RUC) (Benjamin et al. 1994) appears to have handled

this situation well. Plots of 1000-mb streamlines from the 1200 UTC 4 December

1995 model run depicted an asymptote of confluence offshore Texas and Louisiana in

the model analysis, and in the 3- and 6-hour forecasts (Figure 4.25a, b, and c,

respectively). The model even resolved a mesoscale cyclonic eddy which developed to

the east of extreme south Texas, which is discernible in the stratiform cloudiness in the

1800 UTC satellite image (Figure 4.22), and was clearly evident in satellite image

loops.

The 1000-mb moisture convergence field (Figure 4.26) was a maximum in the

region of the rope cloud. Along and to the east of the region of maximum moisture

convergence, a tongue of maximum equivalent potential temperature (theta-e) (Figure
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Figure 4.24. Mean sea surface temperatures for the week of 6 December 1995,
created on a 1-degree latitude-longitude grid by blending in situ and
satellite-derived SSTs (Reynolds and Smith. 1994). Obtained via the internet from
the Integrated Global Ocean Services Systems (IGOSS), cited 1996:
http://rainbow.idgo.columbia.edu/igossiproductsbulletin/.
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Figure 4.25a. Streamlines at 1000 mb, from the 1200 UTC 4 December 1995
RUC: model initialization valid 1200 UTC 4 December 1995.

Figure 4.25b. Same as Figure 4.24a, except for 3-hour forecast valid 1500 UTC 4
December 1995.
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Figure 4.25c. Same as Figure 4.24a, except for 6-hour forecast valid 1800 UTC 4
December 1995.
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Figure 4.26. 1000-mb moisture convergence, from the 1200 UTC 4 December
1995 RUC: model initialization valid 1200 UTC 4 December 1995. Contour
interval is 10 x 10-'g kg-I s']; positive values indicated by solid lines.
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Figure 4.27. 1000-mb equivalent potential temperature (Kelvin), from the 1200
UTC 4 December 1995 RUC: model initialization valid 1200 UTC 4 December
1995.

4.27) extended into southeastern Louisiana. Persistent convection was observed where

this theta-e ridge intersected the confluence line, to the south of eastern Louisiana.

A cross section which is oriented approximately normal to the confluence line

and the theta-e ridge (see Figure 4.28a) shows the vertical arrangement of the potential

temperature and theta-e isopleths (Figure 4.28b). Both parameters are plotted in order

to show the influence of the moisture profile on atmospheric stability. The theta-e

isotherms wedged upward and to the left (northwestward), with the maximum value

occurring near the 1000-mb confluence line. Above this wedge and below about 800

mb, there was a strong decrease oftheta-e with height, indicating potential instability.

Below this wedge, the atmosphere was strongly stable, while weaker stabilities were
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Figure 4.28a. Horizontal location of cross section.
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Figure 4.28b. Cross section of equivalent potential temperature (solid lines;
contours are labeled within the plot) and potential temperature (dotted lines;
contours are labeled along the right vertical axis), (Kelvin), from the 1200 UTC 4
December 1995 RUC: model initialization valid 1200 UTC 4 December 1995.
The horizontal location of the cross section is plotted in Figure 4.28a. The vertical
axis is pressure (mb; labeled on the left).
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observed above 700 mb.

The rope cloud which existed at the "head" of this density current could certainly

not be depicted by the RUC due to insufficient resolution. Nonetheless, the model

output did indicate that the distinct boundary separating the stratiform and cumuliform

regions observed on satellite imagery was a function of the strong horizontal

differential of atmospheric stability within the boundary layer. This finding is

significant, since vertical motion and cyclonic development are strongly dependent on

atmospheric stability (see, e.g., Zwack and Okossi 1986).

Case 2. GOES-8 visible imagery from 2000 UTC 5 January 1996 (Figure 4.29)

showed a rope cloud which extended from the western Bay of Campeche near 20S

latitude, northward to the Texas coast, crossing the coastline near Victoria (VCT), and

bending back toward the northeast. North of Victoria, the feature was nearly parallel to

the coast, but onshore. Further south, however, the feature was located in the vicinity

of the shelf break, and more closely resembled the rope cloud shown in Case 1 (Figure

4.22). Offshore Texas and Louisiana, a stratus cloud deck shrouded the shelf waters.

The surface analysis for 1800 UTC 5 January 1996 (Figure 4.31, bottom) shows

that the onshore portion of the feature was analyzed as a trough of low pressure, while

the offshore segment to the south was not analyzed. In fact, when comparing the

surface pressure at buoy 42020 (1017.4 mb) with surrounding pressures, it appears that

the trough should have been analyzed to be offshore in that area. This mis-analysis

was consistent with a similar mis-analysis at 1200 UTC (Figure 4.31, top), and may

93



~~, F I I: :'

Figure 4.29. GOES-8 visible satellite imagery for 2000 UTC 5 January 1996.
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have been an attempt to connect the pressure trough with an analyzed center of low

pressure in extreme northeast Mexico.

The rope cloud which existed over the Gulf was present in a quasi-stationary

position throughout the course of the day. In fact, it was evident in the previous day's

satellite imagery as well (not shown), though not as clearly defined or well-organized,

especially over the northwest Gulf. Interestingly, a weak disturbance was observed

(from satellite imagery) to propagate northward along the convergence line, from about

22N latitude at 0100 UTC 4 January 1996, to Victoria at 1900 UTC 5 January 1996.

The 18-hour evolution of this wave and convergence line is provided in Figure 4.32.

Most of the locations were determined using infrared satellite imagery, which was

somewhat ambiguous at times, again, due to the relatively high temperatures at cloud

top.

The northern segment of the front migrated (or continually reformed) slightly to

the northwest during each successive analysis, first coming ashore between Palacios,

Texas (PSX) and Galveston, Texas (GLS) at about 0700 UTC. As the frontal wave

propagated northward, it resembled the typical open wave structure of a synoptic-scale

front. Convection was enhanced in the vicinity of the wave, but was observed to occur

along the front everywhere north of the wave. A loop of higher-resolution visible

images at 15-minute intervals (see, e.g., Figure 4.33) indicated that individual

convective elements also moved northward along the front, repeatedly crossing the

coastline. This situation resembled one studied by Bosart et al. (1992) in which there
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Figure 4.32. Locations of the coastal front and frontal wave from 0100 UTC to
1900 UTC 5 January 1996, as interpreted by satellite imagery. The initial and
final locations of the coastal front are denoted by heavy long dashes and heavy
short dashes, respectively. The locations of the frontal wave at successive times
are given by the "x".
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Figure 4.33. GOES-8 visible satellite imagery for 1900 UTC 5 January 1996.
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was weak cyclogenesis and heavy coastal precipitation.

It is difficult to determine whether the northern portion of the front propagated

onshore, or whether it was produced locally near the coast. The argument, though,

may simply be one of semantics, with both premises containing an element of truth.

The 0000 UTC 5 January 1996 surface analysis (Figure 4.30, top) (20 hours prior to

the satellite image in Figure 4.29) shows that winds over southeast Texas and

immediately offshore were generally southerly at 10 knots or less, to the east of a

weak, but broad area of low pressure, and to the south of an advancing cold front. No

pressure trough was analyzed near the Texas coast -- nor does the data suggest that one

should have been. Temperature differences between offshore and onshore stations

were about 5-10 degrees Fahrenheit.

By 0600 UTC 5 January 1996 (Figure 4.30, bottom), though, there was a

substantial cyclonic turning of the surface winds at the Texas coastline. The

land-ocean thermal contrast had increased by this time, solely due to radiational

cooling over the landmass. The cyclonic vorticity at the coastline increased over the

following 12 hours, and a coastal trough was first analyzed at 1200 UTC 5 January

1996 (Figure 4.31, top).

The cyclonic turning of the winds which occurred near the coast could have been

produced by differential friction between (rough) land and (smooth) water. In the case

of onshore flow, cross-isobar flow toward lower pressure is greater over land than over

sea, which induces surface convergence and cyclonic vorticity at the coastline (Bosart
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et al. 1972). The 0000 UTC 5 January 1996 surface analysis (Figure 4.30, top),

though, indicates neither a cyclonic turning of the onshore winds, nor any noticeable

decrease in velocity as winds reached the coast. The coastal vorticity was produced

during the nighttime, when boundary layer cooling occurred over the landmass, but not

over the water. Thus, it is presumed that the thermodynamic structure of the boundary

layer enhanced coastal convergence, as warm, moist air from the deep Gulf was

advected northward, and was forced to rise over the cool, stable air which was forming

over southeast Texas during the night. Once lifted, this air reached its level of free

convection, and an elevated convective line was formed (Colman 1990). This

convective line further enhanced low-level convergence and cyclonic vorticity (as

evident by the continued cyclonic turning of the winds evident at 1800 UTC 5 January

1996), which, in turn, increased the flow of warm, moist air northward (note the

increase in the velocity of the winds offshore by 1800 UTC 5 January 1996). In

addition, it should be emphasized that the front which developed along the Texas coast

formed a continuous line with the feature off the Mexican coast, where there was

clearly no differential friction.

The stratiform cloud which was present immediately south of Texas and

Louisiana was advection fog, formed as the synoptic-scale flow advected warm, moist

air from the deep Gulf region over the cool waters of the continental shelf. Sea surface

temperatures are provided in Figure 4.34. When compared with the SST distribution

of one month earlier (Figure 4.24), it is evident that the Loop Current had made a slight
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Figure 4.34. Same as Figrure 4.24, except for the week of 3 January 1996.
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advancement to the northwest, and that the waters of the Mexican continental shelf had

cooled significantly. Along the Mexican and extreme southeastern Texas continental

shelf, SSTs generally paralleled the orientation of the rope cloud. To the north,

however, the rope cloud was not oriented along the shelf break, indicating that

advection of warm air from the regions of the deeper Gulf was significant, and played a

role in the northwestward migration of this feature.

The 1200 UTC 5 January 1996 RUC initialization and 6-hour forecast of

1000-mb streamlines (Figures 4.35a and b, respectively) did not indicate the cyclonic

turning of the winds at the coast which was evident at those times. Rather, the cyclonic

vorticity in the RUC output was associated with the cold front which was advancing

from the north. Since this feature was not resolved well, it is presumed that the fairly

accurate 6-hour forecast of 1000-mb moisture convergence (Figure 4.36), which

displayed a maximum along the Texas coast, was a "lucky guess," since it was more

likely associated with the synoptic-scale cold front than with the coastal front. A cross

section of the 6-hour forecast of theta-e (Figure 4.37) is taken in the same location as in

Case 1 (see Figure 4.28a), and shows a similar structure: the theta-e isotherms wedged

upward and to the left (northwestward), with a potentially unstable layer above the

wedge, and a stable stratification below. In this case, though, the maximum value was

not coincident with any convergence line near the shelf break, but rather occurred in a

broad, deeper layer, over the shelf waters and just onshore. Obviously, this high

theta-e valued air was not being produced locally, since the presence of stratiform
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Figure 4.35a. Streamlines at 1000 mb, from the 1200 UTC 5 January 1996 RUC:
model initialization valid 1200 UTC 5 January 1996.

Figure 4.35b. Same as Figure 4.34a, except for 6-hour forecast valid 1800 UTC 5
January 1996.
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Figure 4.36. 1000-mb moisture convergence, from the 1200 UTC 5 January 1996
RUC: 6-hour forecast valid 1800 UTC 5 January 1996. Contour interval is 10 x
10"1g kg' sI; positive values indicated by solid lines.

500, 
1

700-
-- 312

85 -- 316 -
850

- 324

30;-96 27;-92

Figure 4.37. Cross section of equivalent potential temperature (Kelvin), from the
1200 UTC 5 January 1996 RUC: 6-hour forecast valid 1800 UTC 5 January 1996.
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clouds indicated that diabatic cooling was actually occurring over the shelf. Therefore,

it is apparent that the RUC accurately forecasted a synoptic-scale flow which was

sufficiently strong to continuously advect high theta-e valued air over the cold shelf

water, so that the atmospheric boundary layer did not reach thermodynamic

equilibrium with the underlying water. As a result, the areas of maximum thermal

contrast, mesoscale convergence, and cyclonic vorticity did not form along the shelf

break as they had in Case 1, but frontogenesis occurred at the land-sea boundary. In

this sense, it is suggested that the development of what might be called the "shelf break

front" is highly sensitive to the synoptic-scale flow.

Case 3. GOES-8 visible imagery from 2000 UTC 21 January 1996 (Figure 4.38)

showed a rope cloud which was well offshore the Texas/Louisiana coast, continuing

southward off the Mexican coast, and then eastward over the open water toward the

Yucatan peninsula. In fact, it was located in the vicinity of the continental shelf break

over the entire periphery of the western Gulf. As in Cases 1 and 2, it remained

quasi-stationary through the course of the day, as indicated by imagery loops.

A detailed analysis of this Case will not be presented, since the factors which

contributed to its existence were found to be similar to those previously described. The

RUC indicated confluent flow and moisture convergence in the region of the rope

cloud, and an axis of maximum 1000-mb theta-e along it and to its east. It also showed

a vertical wedge of high theta-e values which was maximized at the confluence line,

with a shallow potentially unstable layer above the wedge, and a more stable
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Figure 4.38. GOES-8 visible satellite imagery for 2000 UTC 21 January 1996.
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Figure 4.39. Surface analyses for 1800 UTC 21 January 1996.

stratification below. The surface analysis for 1800 UTC 21 January 1996 (Figure 4.39)

did indicate a trough of low pressure over the northwest Gulf. Had the analyst

recognized this feature on visible satellite imagery, however, its orientation might have

been drawn more accurately. Indeed, the trough should also have been extended well

south, paralleling the Mexican coast. Sea surface temperatures over the western Gulf

(Figure 4.40) were closer to isothermal than in the previous cases, but an SST gradient

could still be observed along the continental shelf.

The weak center of low pressure off the Texas coast was analyzed to have

formed at 1200 UTC 21 January 1996, to the north of a stationary front over the
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Figure 4.40. Same as Figure 4.24, except for the week of 17 January 1996.
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southern Gulf and western Caribbean. This front had departed the Texas coast 66

hours earlier, on 1800 UTC 18 January 1996, with northwesterly winds in excess of 30

knots in its wake. Thus, the surface low was analyzed to form completely within the

modified polar air to the north of this front, and as such, is an example of nonfrontal

cyclogenesis. Although the synoptic-scale flow did not allow for further development

of this cyclone (it was dropped from the analysis a mere 12 hours after its inception),

its presence, along with that of the rope cloud, indicates that the low-level circulations

which develop over the northwest Gulf and adjacent coastal region in the wake of a

cold-air outbreak make this region an ideal one for the inception and subsequent

development of winter extratropical cyclones.

Summary

The polar front has historically been an accepted mechanism for cyclogenesis

over the northwest Gulf. Even Hsu (1992), who introduced the concept of the

continental shelf break as a region of strong atmospheric baroclinicity, stated that "the

orientation of the shelf break is a very important baroclinic characteristic because

fronts tend to stall there rather than at the physical coastline." As mentioned earlier, he

described "frontal overrunning" as occurring "when a polar front is nearly stationary

along the central Gulf coast or over the northern Gulf of Mexico. Typically observed

overrunning conditions are heavy cloud cover and precipitation." Indeed, the

atmospheric baroclinicity near the shelf break is certainly important, but primarily
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because of the in situ frontogenesis which can occur there. The case studies presented

in this section show that the air-sea interactions which occur during the winter over the

Gulf of Mexico's continental shelf result in the establishment of a low-level

environment which is ideal for the development of extratropical cyclones. Therefore,

the presence of the polar front has been determined not to be a necessary precondition

for cyclogenesis in this region.

It has been proposed (Johnson et al. 1984; Lewis and Hsu 1992) that the

combination of coastal shape (not bathymetry) and the SST pattern provides an

opportunity for the establishment of a low-level mesoscale circulation as a result of

differential heating due to horizontal variations in the length of the path air parcels

leaving a curved coastline travel over a horizontally-varying SST distribution (Atlas et

al. 1983). This premise is flawed, though, since during the coldest months -- when

cyclogenesis frequency is greatest -- air flowing offshore behind a cold front is not

significantly colder than the already cool shelf waters. In this scenario, the effect of

differential diabatic warming would be relatively small until the air reaches the shelf

break. It would therefore be necessary to consider the overwater path length with

reference to the shelf break, and not the physical coastline. Incipient low pressure

fields do form over the northwest Gulf following cold air outbreaks, but not with

sea-level isobars that "tend to parallel the shape of the coast, with lower atmospheric

pressure being further offshore" in the manner proposed by Atlas et al. (1983), and

referenced by Johnson et al. (1984) and Lewis and Hsu (1992). As suggested by the
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modeling experiment of Warner at al. (1990) and as shown in surface observations for

the northwest Gulf, a local minimum in the sea-level pressure field and an area of

cyclonic vorticity can develop along the shelf break after a cold air outbreak, simply

due to spatial variations in the fluxes of latent and sensible heating. Thus, with regard

to the air-sea interaction process, the shape and orientation of the coastline during the

coldest months may be largely coincidental.

Earlier in the season, though, when cold fronts first migrate over the Gulf, the

surface waters of the northwest Gulf are fairly isothermal. Thus, the relatively cold air

which resides over this SST pattern after frontal passage may be uniformly modified by

the warm waters beneath. In such cases, the shape of the coastline itself may be

significant, since the Laplacian of diabatic warming due to sensible heat flux is

maximized offshore, contributing to cyclonic vorticity and low-level height falls in

accordance with the method discussed by Bosart (1984), and depicted in Figure 4.41.

The air-sea interaction processes of the northwest Gulf region may have

significant implications with regard to the "return flow" conceptual model. Crisp and

Lewis (1992) defined the offshore- and onshore-flow phases during a return flow event

based on trends in the observed surface winds at each of three stations along the

Texas-Louisiana Gulf coast (Brownsville, Texas; Victoria, Texas; and Lake Charles,

Louisiana) during February-March. The offshore-flow phase begins when the first of

these stations exhibits a component of flow toward the Gulf, while the onshore-flow

phase commences when the first of the three stations exhibits a component of flow
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Figure 4.41. Sensible heat flux (top), latent heat flux (middle), and 1000-mob height
tendency due to sensible heating (bottom) for 0000 UTC 17 September 1979 (left)
and 0000 UTC 18 September 1979 (right). Units are watts meter: except meters

(12 hour)' for the 1000-mb height tendency (from Bosart 1984).
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Figure 4.42. Typical synoptic patterns associated with the offshore- and
onshore-flow phases of a return flow event. The upper-air stations used to
determine the onset of each phase are shown: BRO (Brownsville, Texas), VCT
(Victoria, Texas), and LCH (Lake Charles, Louisiana) (from Crisp and Lewis
1992).

toward land (see Figure 4.42). However, Case 1 indicates that the normal pattern

associated with return flow might be disrupted when cool, highly stable air resides over

the continental shelf. During such an event, the warm, moist, modified polar air which

is being steered toward the continent by the synoptic regime may be deflected slightly

eastward and forced to rise over the stable air covering the shelf waters. Although
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Figure 4.43. The number of elevated thunderstorms (reports/station) identified
during October-March between September, 1978 and August, 1982 (from Colman
1990).

observations at coastal stations may indicate an offshore flow at the surface and a

stable boundary layer, potential instability may be released in the return flow aloft,

resulting in elevated convection. It is likely that the high frequency "bullet" of elevated

convection near the Gulf coast during the winter months (Figure 4.43) extends to the

shelf break, and is not principally a reflection of the "temperature contrast between the

land and the water" (Colman 1990).

In addition to the air-sea interaction process, there are certainly other factors

which need to be investigated for a more complete understanding of Gulf cyclogenesis.

The orientation and shape of the coastline relative to the synoptic wind regime may

locally enhance frontogenesis due to the effects of differential friction (Bosart 1984;

Bosart et al. 1992). Orography, too, may play a role in cyclogenesis over the western

Gulf, since the Sierra Madre Oriental are an extension of the Rocky Mountains along
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Mexico's Gulf coast (Figure 4.44). The effects of orography may be directly related

through lee cyclogenesis (Clark 1990; Pierrehumbert 1986), or indirectly through the

southward displacement of polar air, which not only contributes to low-level

baroclinicity (Bosart et al. 1992) and upslope flow, but also may further cool the shelf

waters near the Mexican coast, enhancing the local SST gradient. Radiational cooling

over the landmass, which was suggested as a primary contributor to the coastal

frontogenesis in Case 2, may also be significant. Interestingly, the processes

contributing to Gulf cyclogenesis are notably similar to those which create the

Australian east coast cyclones, which form preferentially at night (Holland et al. 1987).
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CHAPTER 5

CONCLUSION

Summary

Winter extratropical cyclogenesis over the Gulf of Mexico has been examined by

assigning a synoptic classification to each cyclone which developed during the

41-season period 1950-51 to 1990-91. The classifications of "frontal" and "nonfrontal"

cyclogenesis were used to differentiate between those cyclones which were analyzed to

have formed along pre-existing, airmass-type frontal boundaries, and those which

developed in the absence of such boundaries. Since the frontal and the nonfrontal

events showed similar distributions among various upper-level patterns, it is felt that

the real distinction between these two types of cyclone development lies in the

characteristics of the lower atmosphere during cyclogenesis.

Spatial distributions of cyclogenesis events indicated that the open water of the

northwest Gulf tends to be a preferred region for cyclone initiation, for both the frontal

and the nonfrontal cases. This is particularly evident during the coldest months, when

sea surface temperatures exhibit a strong gradient along the continental shelf break.

Through the process of airmass modification, a continental air mass which
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resides over the strong SST gradients of the northwest Gulf develops an internal

solenoidal circulation, resulting in a local increase of convergence and cyclonic

vorticity within the boundary layer. A strong horizontal gradient in atmospheric

stability is also found to develop in the vicinity of the continental shelf break. Surface

charts have indicated the presence of such a circulation through the repeated analysis of

a trough of low pressure offshore, and approximately parallel to, the Texas/Louisiana

coast. The ultimate location and orientation of the feature, however, is believed to be

sensitive to the large-scale flow.

A mesoscale convergence line may be observed on visible satellite imagery due

to its frequent association with a rope cloud or a stronger line of convection. Since

there is a lack of surface data sources in the Gulf, it is suggested that satellite imagery

may be a useful supplement to other data for the analysis of this feature.

Gulf Cyclogenesis: The Frontal Case

It was suggested in Chapter 3 that the interseasonal variability in the spatial

distributions of frontal cyclogenesis is related to the frequency with which cold fronts

penetrate the Gulf, since atmospheric fronts provide low-level environments which are

suitable for cyclone development. Consequently, the relatively high frequency of

frontal passage over the northwest Gulf during the winter months provides a sufficient

explanation for the observed high frequency of frontal cyclogenesis over the region. In

other words, the northwest Gulf could be a preferred region for frontal cyclogenesis
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even without the existence of the continental shelf break and associated SST gradient.

This premise, however, is believed to be flawed.

During the coldest months, a cold front initially penetrating the Gulf may collide

with a cool, stable layer of air over the shelf waters (recall, e.g., Figure 4.28), resulting

in little or no convection or enhancement of cyclogenesis. When the front reaches the

shelf break, however, it collides with air that has relatively low static stability, so that

resistance to ascent is minimized, free convection is more likely to occur, and surface

cyclogenesis is common. Observations have shown that low static stability exists over

the entire length of the continental shelf break, where average monthly air-sea

temperature differences are maximized (Lewis and Hsu 1992). Thus, the atmospheric

instability which exists near the shelf break, even over the northeast Gulf, may make a

very real contribution to the high frequency of frontal cyclogenesis in that region.

Errors in analysis may have also contributed to the observed high frequency of

frontal cyclogenesis near the shelf break. It was found in the author's study that fronts

which became stationary over the northern half of the Gulf (rather than migrating to the

Caribbean) tended with time to assume an orientation along the shelf break. This

transition was frequently observed to occur between two consecutive analyses, and is

therefore termed "frontal jumping." Although it is likely that in reality, the initial front

underwent dissolution while frontogenesis occurred near the shelf break, the lack of

data offshore (or the introduction of a new analyst) contributed to the surface chart's

misleading indication of a migrating front. If cyclogenesis were to have occurred
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along this front, the author was forced (by the constraints of his own definition) to

include it in the "frontal" category, though the development process was more likely

"nonfrontal" in nature. Consider, for example, the author's chosen example of frontal

cyclogenesis (Figure 3.19). Prior to the analysis of the surface low southeast of the

Texas coast at 1800 UTC 21 December 1995, there was clearly in situ frontogenesis

along the Texas coast, along with "overrunning" precipitation. The northwestward

extension of the quasi-stationary polar front is not apparent from the available data, and

may have been an attempt to depict the surface low as a frontal wave with weather.

Despite the potentially strong influence of the SST gradient at this time on

cyclogenesis, this cyclone falls into the "frontal" category.

Inadequate surface analysis was probably the primary reason why Saucier (1949)

felt that the polar front played such a critical role in the development of Gulf cyclones.

His chosen example of Group 3 cyclogenesis (Figure 5.1) demonstrates how frontal

"jumping" can lead to a misinterpretation of the processes contributing to cyclone

formation in this region. Note, for example, the northwesterly flow along the south

Texas coast at 0630 UTC 19 December 1946. This strongly ageostrophic flow of cold

air does not support the analysis of a dissolving cold front just to the southeast. In

addition, the observed wind field does not support the conceptual model of return flow

(see Figure 4.41). This model would depict the wind over south Texas to have either

an onshore component or to be parallel to the coast out of the northeast, given the

synoptic regime. Rather, the surface wind at Brownsville is indicative of low pressure
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Figure 5.1. Sequences in the development of a typical Group 3 cyclone. Sea level
weather maps for 0630 UTC (a) and 700-mb charts for 0300 UTC (b), on 19

December 1946 (bottom) and 20 December 1946 (top). On the surface charts,
solid lines are pressure contours. On the 700-mb charts, solid lines are height
contours (labeled in hundreds of feet), and dashed lines are isotherms (Celsius)
(from Saucier 1949).
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developing just offshore, well to the north of the actual surface location of the

quasi-stationary polar front.

Saucier stated that Group 3 cyclones, which were most representative of the

sequences of Gulf cyclogenesis, had a preferred region of development over the coastal

waters of the northwest Gulf-- a premise which has been verified in this author's work.

He suggested that Group 3 cyclones formed most frequently during the coldest months,

following a cold air outbreak and subsequent "dissolution" and "reactivation" of the

polar front. Henry (1979), though, showed that it is precisely during the coldest

months when the polar front is least likely to become stalled over the northern Gulf

This verified the earlier work of DiMego et al. (1976). Indeed, Saucier's conceptual

model of Gulf cyclogenesis was based in part on the flawed premise that "the

frequency with which the polar front is in the vicinity of the north Gulf coast and the

natural land-water temperature contrast in winter make the coast a semi-permanent

low-level frontal zone." It was thus necessary to review the processes which lead to

the development of Gulf cyclones, placing an emphasis on the low-level preconditions

for cyclogenesis, and in particular, the air-sea interaction process.

Gulf Cyclogenesis: The Nonfrontal Case

Clearly, the nonfrontal cyclones developed, at least in part, due to the strong

low-level atmospheric baroclinicity which exists over the northwest Gulf during the

winter months. The mesoscale convergence lines (i.e., pressure troughs, shelf break
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fronts, coastal fronts) which are frequently observed over the northwest Gulf are

reflections of the thermal contrast which characterizes the region, and of the boundary

layer circulations which are forced by the "turbulent transport of heat originating from

the sea surface" (Mailhot 1992). The northwest Gulf does represent a "semi-permanent

low-level frontal zone" (Saucier 1949) during the winter months, but it is neither the

stalling nor the reactivation of the polar front which contributes to this enhanced

baroclinicity. Pre-existing in situ diabatic warming, surface convergence, and cyclonic

vorticity on the mesoscale make this region a preferential location for cyclone

intensification, provided that the upper-level pattern is also favorable. According to

Carlson (1991),

That cyclogenesis tends to favor certain geographical locations is due to the
tremendous inhomogeneity of lower-tropospheric baroclinicity and static
stability.. .Cyclogenesis does not occur continuously following the movement of a
seemingly potent 500 mb trough but occurs preferentially in certain locations. This
suggests that there are regions where the atmosphere is much more efficient in
allowing 500 mb absolute vorticity and 1000-500 mb thickness advections to be
realized as stronger vertical motions and surface pressure tendencies.

The case studies presented in chapter 4 clearly indicate that the northwest Gulf of

Mexico is such a region.

As previously mentioned, atmospheric stability is low, though, along the entire

length of the continental shelf break during the winter months, with instability values

over the northeast Gulf which actually exceed those over the northwest Gulf due to the

strong thermal contrast between cool shelf waters and the Loop Current (and its eddies)

(Lewis and Hsu 1992). Lewis and Hsu found the observation of low stability over the

northeast Gulf to be "quite unexpected, since no trend in wintertime storm
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Figure 5.2. Schematic diagram of conditional instability of the second kind (from
Bluestein 1993, pp. 16-19).

development has ever been established for that region." Indeed, although the present

study has indicated a fairly high frequency offrontal cyclogenesis in this region,

nonfrontal cyclogenesis was seldom observed over the northeast Gulf.

Lewis and Hsu attempt to resolve this difficulty by suggesting that "the spatially

limited and more linear character of the shelf break likely limits the effect of any strong

shelf break free convection on enhancing cyclogenesis." This author disagrees, noting

that strong shelf break convection has indeed been observed to be associated with

surface cyclogenesis (see, e.g., Bosart 1981; Bosart et al. 1992). Although the

relationship between convection and cyclogenesis along the shelf break may pose a

classic chicken-and-egg argument, the process is best described by "conditional
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instability of the second kind," which suggests that convection and cyclogenesis are

mutually-amplifying processes (see Figure 5.2).

The lack of nonfrontal cyclogenesis cases over the northeast Gulf, and even the

observed tendency for established cyclones not to undergo deepening in that region

(Businger 1990; Colucci 1976), can be explained within the quasi-geostrophic

framework. When the shelf break front develops off the Texas coast, it does so with

warm air (higher thicknesses) to its south and east, and cold air (lower thicknesses) to

its north and west. If an eastward-propagating upper-tropospheric disturbance migrates

over this region, cyclonic vorticity advection ahead of the disturbance induces ascent

both over the surface disturbance, and to the east, where there is already low-level

warm air advection (and low static stability). Anticyclonic vorticity advection induces

descent to the west, where there is already cold air advection (and high static stability).

This configuration results in the conversion of potential energy to kinetic energy, and

the surface low deepens, and begins to migrate. Thus, the westward tilt with height of

the entire system is a necessary condition for surface development to continue.

It has been observed by the author that the phase lag between the upper and

lower disturbances must be present for a relatively long amount of time before

nonfrontal cyclones show significant development. Although the lowest levels of the

atmosphere may have become "ripened" for cyclogenesis through airmass

modification, upper-level disturbances which migrate quickly over the near-stationary

surface baroclinic zone often fail to deepen the surface low, despite their dynamical
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vigor.

The continental shelf break of the northeast Gulf, though, separates cool shelf

waters to its east from warm deep waters, and the Loop Current, to its west. After

sufficient airmass modification in the boundary layer, eastward moving

upper-tropospheric disturbances which migrate over this region attempt to induce

ascent in the cool, stable air to the east, and descent in the warm, unstable air to the

west. In this configuration, the dynamic and thermodynamic forcings of vertical

motion act to negate the effects of each other, and cyclogenesis is inhibited.

The paradox of the "nonfrontal" classification is that many (if not all) of the

nonfrontal cyclones may, in fact, have developed along pre-existing (though not

analyzed) atmospheric frontal boundaries! The processes which contribute to

baroclinicity and the generation of cyclonic vorticity along the shelf break are indeed

very real and do often result in the initiation of surface cyclones. The classification of

"nonfrontal cyclogenesis," however, and the historical misinterpretation of Gulf

cyclogenesis from Saucier's time to the present day may merely be a result of poor

analyses due to inadequate data. These data are capable of resolving the surface

pressure patterns and low-level circulations associated with a developing cyclone, but

are insufficient in the detection of subsynoptic convergence and thermal contrast.

Indeed, a data set which has a higher spatial resolution than that which is currently

available would be invaluable to understanding the complex processes which

contribute to winter extratropical cyclogenesis over the Gulf of Mexico.
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